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Radio Frequency Identification (RFID) is a trace-and-track technology using RF signals for
communication. RFID system was expected to replace barcodes and magnetic stripes because of
its extra benefits for the supply chain: multiple items tracking and operation without
line-of-
sight. A major limitation ofRFID technology was the cost of implementation. Since the existing
method for RFID applications "Slap and
Ship"
was costly and time-and-labor consuming,
this study was aimed to investigate whether the new method printed-RFID-antenna could be
used in corrugated packaging industry for cost reduction purpose, and also whether those printed
antennas could function under the severe environments. Although the results showed the success
of the conductive antennas on corrugated materials, the conductivity achieved was not as high as
that of the ones on label substrates. This indicated that the printed-RFID-antenna method could
be used in corrugated packaging production, but an additional treatment might be needed.
Moreover, the results also showed that those printed antennas on corrugated substrates had a
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Chapter 1: Introduction
Radio Frequency Identification (RFID) is becoming increasingly popular in many
applications, and for everyone from manufacturers to consumers. Today, the demand for RFID
tags is rapidly increasing as a result of the requirements of the world's leaders of retail
businesses, such as Wal-Mart (USA), Tesco (UK), and Metro AG (German), and the U.S.
Department ofDefense (DoD). However, one major problem ofRFID implementation is the cost
of the processes and devices. As found in many published articles, the packaging industry has
been doing and reporting research on RFID technology for several years.
In order to solve the above limitations, many new technologies have been studied, such as
low-cost RFID and printed RFID tags. Due to the innovation of conductive inks, RFID antennas
can now be printed on tagging substrates instead of using the conventional, solid-copper
antennas, which are more expensive and less flexible. The applying method is called "Slap and
Ship", which basically is the process of attaching RFID labels on each product or package before
distribution. This process is time and labor consuming; and the labels used in the process are
costly. Accordingly, packaging suppliers are expected to be asked to supply packages with RFID
devices already attached in the near future.
The concept ofprinting RFID antennas directly on packages (instead of using labels) has
been recently introduced and promoted by Presicia, subsidized company from Flint Ink
(Lawrence, 2004a). This method may help to eliminate the need for labels and the
"Slapping"
process. Therefore, the printed-RFID-antenna technology could significantly reduce the cost of
RFID implementation in mass, long-term production. However, the implementation of this
method is still being studied. For corrugated-packaging converters, this technology may provide
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an opportunity to supply RFID packaging with an affordable production-cost, and to compete in
the market at aminimal price.
The main processes of producing RFID tags are by printing antennas and attaching
microchips. Microchips need to be manufactured by specialized producers to ensure their quality.
They are then supplied in the form of ready-to-apply straps, which can be attached automatically
or by hand. Packaging manufacturers will be responsible for the process of printing conductive
antennas that can be used properly and efficiently for RFID applications.
Problem Statement
The main concerns for implementing printed-RFID-antenna technology are quality and
cost. Packaging manufacturers can be involved in quality improvement and cost reduction
processes for the printed antennas. The critical factors that affect the quality of RFID antennas
include precision of conductive patterns, the thickness of conductive inks, and material
characteristics. An incomplete pattern of an antenna can cause an electrical path break, and
therefore, the antenna cannot be used. In addition, if the ink layer is too thin, the antenna will not
have enough conductivity to function. The above factors directly affect the quality ofRFID tags,
or may make them unusable. As a result, the printing process is an enabler key to allow, or not
allow, the technology to be used for printed-RFID application on packaging.
For corrugated packaging, the roughness of kraft liner and the flute stripes make the
surface of corrugated paperboard uneven. This may affect the quality of the printed pattern and
the smoothness of the conductive ink-film. In addition, the high moisture-absorption of kraft
paper may not only decrease the thickness of the ink-film left on its surface, but also increase the
amount of moisture content inside. On the other hand, temperature change may also affect
structure ofpaper substrates. High temperature possibly makes the surface extended and cracked,
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whereas immediately-changed temperature may make it distorted. Thus, high-humidity and
temperature-change may impact the surface property of this material, which could affect the
physical and/or electrical properties of the printed antenna. Given the above limitations,
corrugated paperboard may cause a problem when used as a substrate for printed-RFID-antenna
applications.
Purpose statement
From the problem mentioned above, it is important for the corrugated packaging
manufacturers to understand the compatibility and limitations of corrugated material with the
process ofprinting RFID antennas. Therefore, this study is expected to 1) determine the technical
feasibility of printing RFID antennas directly on kraft-corrugated (B-flute, C-flute, and E-flute),
and 2) identify the possibility of using the functional RFID antennas (from the first step) in
extremely severe environmental conditions (temperature and humidity).
Hypothesis
Although the physical properties of corrugated materials may cause critical limitations
for printing RFID antennas, it is believed that this method may be able to be successfully
implemented on kraft-corrugated using the conventional printing process, flexography. Also,
these printed antennas will be able to achieve the conductivity required for RFID applications.
Hypothesis
First, "RFID antennas can be successfully printed on corrugated paperboard and achieve
the same conductivity as the antennas printed on label
substrates."
Second, "the conductivity of the functional antennas on corrugated paperboard will not
change when they are exposed to severe environmental conditions: freezing and tropical (high-
temperature/high-humidity)
conditions."
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Definitions and terminology
Antenna: Antenna is a conductive element that enables the tag to send and receive data. Readers
also have antennas which are used to emit radio waves. The RF energy from the reader antenna
is
"harvested"
by the tag-antenna and used to power up the microchip, which then changes the
electrical load on the antenna to reflect back its own signals (Glossary ofRFID Terms, 2004).
Conductive Ink: Conductive ink is an ink used to produce conductive patterns on a variety of
substrates. It is composed of finely dispersed conductive particles in a vehicle. Conductive ink
can be either carbon-based or silver-based depending on the application. The silver-based inks
are more conductive. Therefore, they provide longer read-ranges for RFID antennae and circuit
designs, while the carbon-based inks are used for lower-power applications such as the anti-static
treatment used in the protection of electronics (Pianoforte, 2003).
Flexography: (or flexographic printing) is a technique for printing on a rotary press employing
either water-based or oil-based ink. Typically, the printing plates are made of polymers, and the
substrates are plastic, paper, or paperboard (American Heritage Dictionary, 2000).
Kraft Paper: Kraft is a heavy brown paper made from wood pulp. Kraft paper provides high
strength at low cost, and is usually used for making grocery bags, wrapping paper, and shipping
boxes (Packaging-Containerboard and Kraft Business, 2004).
Radio Frequency Identification (RFID): RFID is the term used for any device that can be
detected by radio frequencies. The term is derived from the concept of its application that reflects
or re-transmits the radio frequency signal (Das, 2004).
Tag: Tag means any small device that can be incorporated onto paper or specially-printed ink on
substrate, for example, paper or film (Das, 2004). In this paper, the term
"tag"
refers to the
device that carries the product information used in RFID applications.
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Chapter 2: Literature Review
RFID: Radio Frequency Identification
Radio Frequency Identification, commonly called RFID, is one type of Auto ID
technology. Auto ID, Automatic Identification and Data Capture (AIDC), Automatic Data
Capture (ADC), and Keyless Data Entry are terms used in general to describe technologies of
data collection and entry methods which have capabilities to read and interpret information,
automatically entered and stored. The technologies automatically identify and capture the data
necessary to perform an expected task. The advantage of Auto ID technologies is that they
eliminate human errors associated with data collection and input, and, therefore, they are used
worldwide today. Examples of Auto ID technology are card technologies, scanning devices,
machine vision, optical character recognition, speech/voice recognition, biometrics, and RFID
applications (Clarke, 2002).
The unique advantages of an RFID system are the ability to track, process, and store
identification data for more than one item at a time. No matter how many products or items are
checked, all data will be read simultaneously, and the ability to operate without visual contact, a
clear line of sight between tags and reader, is not necessary. As a result, items or products can be
identified despite being packed or blocked by others on pallet. Unlike a bar code system, RFID
tags can be re-written electronically. Therefore, the data stored in the tags can be updated
anytime. For manufacturers and distributors, RFID technology provides the ability to track their
inventories in real time. The product's, or item's, location and condition (such as humidity and
temperature) can be monitored anywhere in a supply chain. As advancements of this technology
are developed and the price of it goes down, industries are more confident of its extensive use in
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the future. Accordingly, RFID has been researched and implemented more and more in diverse
businesses.
History ofRFID
Scientists believe that the universe was created with a Big Bang, and with the four
fundamental forces gravity, electromagnetism, strong nuclear force, and weak nuclear force.
Electromagnetic energy is actually the source of RFID. It possibly took more than 14 billion
years until the discovery of how to utilize the knowledge of electromagnetic energy and radio
region together to develop RFID technology. The Chinese were probably the first to observe and
use magnetic fields in the form of lodestones in the first century B.C. Between the 1600s and
1 800s there was an explosion of observational knowledge of electricity, magnetism and optics,
with a growing base in mathematically related observations. The 1 800s marks the beginning of a
fundamental understanding of electromagnetic energy, where many scientists such as Michael
Faraday, James Clark Maxwell, and Heinrich Rudolf Hertz published their theories on
electromagnetic fields and radio waves (Landt, 2001).
The
20th
century saw many discoveries of information related to developments of RFID
technology. In 1906, Ernst F. W. Alexanderson demonstrated the first continuous wave (CW)
radio generation and transmission of radio signals, which is the beginning of modern radio
communication (Landt, 2001). In World War II, the Germans, Japanese, Americans and British
were all using radar, which had been discovered in 1935 by Sir Robert Alexander Watson-Watt.
Radar was used to identify a country's own planes from those of the enemy. Under Sir Watson-
Watt, the British developed the first active "identify friend or foe (IFF) system". A transmitter,
which was put on each British plane, received signals from radar stations on the ground, and
would broadcast a signal back to identify the aircraft as friendly. RFID works on this same basic
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concept; a signal is sent to a transponder, which wakes up and either reflects back a signal
(passive system) or broadcasts a signal (active system) (The History ofRFID Technology, 2005).




During the 1950s and 1960s, radar and RF communication systems continued to develop.
Scientists and academics in the United States, Europe and Japan did research and presented
papers explaining how RF energy could be used to identify objects remotely (The History of
RFID Technology, 2005). Examples of those papers are "Radio transmission systems with
modulatable passive
responder"
(Harris, 1950) and "Application of the microwave
homodyne"
(Vernon, 1952). In the 1960s, companies began commercializing anti-theft-systems that used
radio waves. An example is electronic article surveillance (EAS), which is a 1-bit tag used to
determine whether an item has been paid for or not (The History ofRFID Technology, 2005).
In the 1970s, developers, inventors, companies, academic institutions, and government
laboratories were actively working on RFID. These include Los Alamos Scientific Laboratory,
Northwestern University, and the Microwave Institute Foundation in Sweden. The 1970s were
characterized by developmental works for animal tracking, vehicle tracking, and factory
automation (Landt, 2001). In 1973, Mario W. Cardullo received the first U.S. patent for an active
RFID tag with rewritable memory "Transponder Apparatus and
System"
(Patent No.
3,713,148), and in 1975, Charles Walton, a California entrepreneur, received a patent for a
passive transponder used to unlock a door without a key "Electronic recognition and
identification system for identifying several master
key"
(Patent No. 3,958,105). Other examples
ofRFID developments are listed as follows;
"Raytag"
by Raytheon in 1973, "Short-range radio-
telemetry for electronic identification using modulated
backscatter"
by Alfred Koelle, Steven
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Depp and Robert Freyman in 1975, "Electronic identification
system"
(Patent No. 3,914,762) by
Richard Klensch in 1975, and "Electronic license plate for motor (Patent No.
4,001,822) by Fred. Sterzer in 1977 (Landt, 2001).
The 1980s became the decade for full implementation ofRFID technology. In the United
States, the greatest interests were for transportation, personnel access, and animals. In Europe,
the greatest interests were for short-range systems for animals and industrial and business
applications, whereas toll roads in Italy, France, Spain, Portugal, and Norway were equipped
with RFID. The Association of American Railroads and the Container Handling Cooperative
Program were active with RFID initiatives. RFID for collecting tolls was being tested for many
years. The first commercial application began in Norway in 1987, and was followed quickly in
the United States by the Dallas North Turnpike in 1989. Also during this time, the Port Authority
ofNew York and New Jersey began commercial operation of RFID for buses going through the
Lincoln Tunnel (Landt, 2001).
The 1 990s showed the wide scale deployment of electronic toll collection in the United
States. In 1990, seven regional toll agencies in the Northeastern United States formed the E-Z
Pass Interagency Group (LAG) to develop a regionally compatible electronic toll collection
system, which can be used through highways of several toll authorities. In 1991, the world's first
open highway electronic tolling system was opened in Oklahoma, where vehicles could pass toll
collection points at highway speeds. In 1992, the world's first combined toll collection and traffic
management system was installed in the Houston area. Additionally, a system based on the Title
21 standard a multi-protocol electronic toll collection was initially installed on Kansas
turnpike, and in Georgia. Tolling and rail applications were also appearing in many countries
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including Australia, China, Hong Kong, Philippines, Argentina, Brazil, Mexico, Canada, Japan,
Malaysia, Singapore, Thailand, South Korea, South Africa, and Europe (Landt, 2001).
On the other hand, developments of RFID in item-management were also of interest and
growing during this decade. In the early 1990s, IBM developed and patented an ultra-high
frequency (UHF) RFID system, which was tested with Wal-Mart but never commercialized.
Later in the mid-1990s, IBM sold that patent to Intermec, who started installing the system into
commercializing applications from warehouse-tracking to farming. In 1999, the Uniform Code
Council (UCC), EAN International, Procter & Gamble and Gillette jointly established the
Auto-
ID Center at MIT (Massachusetts Institute ofTechnology). Two professors at MIT, David Brock
and Sanjay Sarma, had done some research on the possibility of putting low-cost RFID tags on
all products for tracking them through the supply chain. They replaced the use of RFID tags to
carry information about the product or container by turning RFID into a networking technology.
The objects can be linked to the Internet through the tag in order to acquire database stored on
the system. This was an important change in business where a manufacturer could automatically
let a partner know when a shipment was leaving, and a retailer could automatically let the
manufacturer know when the goods arrived (History of RFID Technology, 2005). During this
decade, there were a vast number ofRFID-related companies who entered the marketplace.
The
21st
century is a peak of RFID development (Datta, 2004). From 1999 to 2003, the
Auto-ID Center received the support from more than 100 large, end-user companies, the U.S.
Department ofDefense, and many key RFID vendors. Its research labs were established in many
areas around the world, including Australia, the United Kingdom, Switzerland, Japan and China.
In 2003, the Uniform Code Council (UCC) created EPCglobal, as a joint venture with EAN
(European Article Number) International, to commercialize EPC technology. However, the
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Auto-ID Center was closed in October 31st, 2003, and its responsibilities were divided between
the Auto-ID Labs and Auto-ID, Inc. Many of the biggest retailers in the world Albertsons,
Metro, Target, Tesco, Wal-Mart, and the U.S. Department of Defense have announced use of
EPC technology to track goods in their supply chain. In 2005, Wal-Mart and the U.S.
Department of Defense have demanded that their suppliers use passive RFID and EPC on their
products (History ofRFID Technology, 2005).
Electronic Product Code (EPC)
Electronic Product Code (EPC) is the next generation of regular product identification
systems such as bar code or Universal Product Code (UPC). RFID uses radio wave to
automatically identify products or items through a serial number, commonly known as Electronic
Product Code (Durkalski & Stephanie, 2004). EPC is built around a basic hierarchical idea used
in different, existing numbering system e.g. the EAN.UCC System Keys, UID (Unique
Identification), and VIN (Veterinary Information Network). Like other numbering systems, EPC
is divided into numbers that identify the manufacturer and product type, but additionally contains
an extra set of digits (a serial number) to identify unique items. EPC is the key to the information
about the item that exists in the EPCglobal Network (http://www.epcglobalinc.org).
Components ofEPCNumber: (http://www.epcglobalinc.org)
1. Header: identifies the length, type, structure, version, and generation ofEPC;
2. Manager Number: identifies the company or company entity;
3. Object Class: similar to a stock keeping unit or SKU;
4. Serial Number: the specific instance of the Object Class being tagged.
Additional fields may also be used as part of the EPC in order to properly encode and
decode information from different numbering systems into their native (human-readable) forms.
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The EPC Number disected (96 bit version)
21.203D2A9.16E8B8.719BAE03C
Header 8 bits
EPC Manager Object Class
28 bits 2X bits




Figure 2-1: The EPC number dissected (Soon, 2004)
Illustrative Example (EAN-13): 99 00508 07686 8
99 00508 0768 8
''' *-
Company Prefix (6-1 C) Item Reference (1-5) Check Digit (1)
Remove
Check Digit
EPC; 3 9900508 07686 0000000123456
Header EPC Manager Number Object Class Number Serial Number
Figure 2-2: An example shows howEPCwork with other numbering systems (Soon, 2004)
The EPC system is used as the global standard for immediate, automatic, and accurate
identification of any item in the supply chain in any industry, anywhere in the world. The EPC
Network was established and supported by EPCglobal Network, a not-for-profit organization
developed by the Auto-ID Center (http://www.epcglobalinc.org). Key components of the EPC
Network are inexpensive tags and readers, which are used to pass small bits of information of the
EPC while leveraging the Internet to hold large amounts of information that can be shared
between trading partners (Soon, 2004).
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Basic Principles ofthe EPCNetwork: (Soon, 2004)
1. Inexpensive tags and readers conform to a standard specification and to the local air
interface protocols (depending on country or region);
2. Minimum information is stored on the tag (only the EPC number is aimed to be stored);
3. The Savant software is used as a connecting layer between the reader and applications;
4. Information related to each object is securely stored on a public network with the
appropriate security controls;
5. Interoperable tags and readers are based on an open, global standards-based system to
ensure that any EPC-compliant tag can be read by any EPC-compatible reader;
6. The EPC Network will also capture and make available (via Internet and for authorized
requests) other information that pertains to a given item to authorized requestors.
RFID System Components




was used for an RFID device that did not actively transmit to a
reader, while
"transponder"





has become commonly used for these devices
in the present industry.
"Transponder"
is derived from TRANSmitter + resPONDER, which
clearly explains its duty to respond to a transmitted or communicated request for the data it
carries. The tags are programmed with data that identifies the item to which the tag is
attached (Introduction to Radio Frequency Identification, 2005). The communication
between the reader and the tag occurs by wireless means across the space or air interface
between the two. Tags can be either read-only, read/write, or write one/read many (WORM).
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Read-only tags are invariably low capacity devices programmed at a source, usually with an
identification number. WORM devices are user programmable devices. Read/write devices
are also user-programmable but allow the user to change data stored in a tag (RFID A basic
primer, 1999).
Interrogators/Readers
The reader directs the RF transceiver to transmit RF signals, receives the encoded signal
from the tag through the RF transceiver, decodes the tag's identification, and transmits the
identification with any other data from the tag to the host computer. In addition, it may
provide other functions such as ETC (Electronic Toll Collection) applications, accepting data
from other input devices such as a vehicle detector and controlling gate and lights. The reader
operations are controlled by the firmware inside. However, users can change or customize
the reader's operations to suit their specific requirement by issuing commands through the
host computer or a local terminal (Introduction to Radio Frequency Identification, 2005). The
function of the interrogator to circumvent the problem of reading multiple tags in a short
space of time is known as "Command Response Protocol". Once the signal from a
transponder has been correctly received and decoded, algorithms may be applied to decide
whether the signal is a repeat transmission, and may then instruct the transponder to cease
transmitting (RFID A basic primer, 1999).
Antennas
Some RFID systems use only one antenna to both transmit and receive the RF signal,
while other systems use one antenna to transmit and another antenna to receive the
signal. The quantity and type of antennas required depend on their applications and
chips (Introduction to Radio Frequency Identification, 2005).
Page 13 of 151
RF Transceivers
The RF Transceiver is the source of RF energy used to activate and power the
passive
RFID tags. The RF Transceiver may be bundled with the reader in the same case
or
may be provided as a separate piece of equipment which is commonly referred to as an
RF module. The RF transceiver controls and modulates the radio frequencies that the
antenna transmits and receives, and then filters and amplifies the backscatter signal
from a passive RFID tag (Introduction to Radio Frequency Identification, 2005).
Host Computer and Compliant software
A host computer, or computer network, manages and presents information from the tags
being read. An RFID system requires management software that complies with the needs of
users and operates well on the host computer. The management software also controls an





Figure 2-3: Basicprinciple ofRFID systems (Chiesa et al, 2002).
Once RFID tags pass through an electromagnetic zone transmitted from the antenna of
the reader,
"tags"
transmit hundreds of RF signals every second to detect the reader
activation signal. The signal will then tell those tags to identify themselves and the
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information they contain. The reader decodes the data from the tags and transfers them to the
host computer for processing. The process is reversed when the data is written back onto tags
(Clarke, 2002).
Types ofRFID Tags
RFID tags can be categorized in many ways. This paper will present two major groups of
RFID tags: classified by power source, and classified by memory type (Chiesa et al., 2002).
Classification by Power Source:
1) Active tags contain a radio transceiver, and a battery used to power the transceiver. They
usually have a cell that exhibits a high power-to-weight ratio and are capable ofoperating
over a temperature range of -50 to
70
C. The active transponder has a lifetime which can
be up to ten or more years, depending on the operating temperatures, read/write cycles,
and usage (RFID A basic primer, 1999). Because the active tag has an onboard radio, it





therefore, is more expensive (Chiesa et al., 2002).
2) Passive tags can be battery or non-battery operated depending on applications. They use
the power from the field generated by the reader to reflect the RF signal transmitted from
a reader or transceiver, and add information bymodulating a reflected signal. As a result,
passive tags require a higher-powered reader compared to the active ones. Passive tags do
not use batteries to boost the energy to a reflected signal, but to maintain the memory or
to power electronics that enable them to modulate the reflected signal (Chiesa et al.,
2002). Passive tags are much lighter than active tags, less expensive, and offer an
unlimited operational lifetime. They are also capable of storing data, and perform well in
electromagnetically noisy environments (RFID A basic primer, 1999).
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Battery-less tag, pure passive or beam powered tag, does not have an internal power
source. The purely passive, or "reflective", tag uses electromagnetic energy radiated by
an interrogator to power the RF integrated circuit of the tag (Chiesa et al., 2002).
With battery tag has batteries onboard. Thus, it has some enhanced, and speed attributes
of a true active tag, but still communicates in the same way as the pure passive ones.
This type of RFID tag has a much more complex integrated circuit with multiple
components and, therefore, is more expensive to make (Chiesa et al., 2002).
Classification by Memory Type:
1) Read/write memory can be read and written into, and its data can be dynamically altered.
2) Read-only is factory programmed, and cannot be altered. Its data is static after the
manufacturing process. Read-only memory is cheaper than read/write memory, but
because of the growth of the RFID market, the price difference will be decreased for
overall system cost justification.
Components ofRFID Tags
The basic components of an RFID tag are a silicon-based microchip and a conductive
antenna. However, Das (2004) noted that there are RFID tags that have no microchip implanted;
as so-called "chipless-RFID", such as remote magnetic, simple transistor, and transistor circuit.
The chipless-tags typically use plastic or conductive polymers instead of silicon-based
microchips. "Other chipless tags use materials that reflect back a portion of the radio waves
beamed at them. A computer takes a snapshot of the waves beamed back and uses it like a
fingerprint to identify the object with the
tag"
(Glossary of RFID Terms, 2004). The basic
components of an RFID tag are shown in figure 2-4.
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Antenna
Figure 2-4: Basic components ofRFID tag (Datta, 2004)
Microchips/Integrated Circuits (IC):
The microchip is used to store identification data and do the entire processing, etc. According
to RFID Glossary ofTerms (2004), a microchip is an individual integrated circuit that has not
yet been packaged. The microchip for RFID applications sometimes is referred to as an
integrated circuit or IC. An integrated circuit is a combination of two or more transistors on a
base material, usually silicon. All semiconductor chips; memory chips and logic chips, are
very complicated integrated circuits with thousands of transistors. Most of RFID tags have
ICs embedded (Glossary ofRFID Terms, 2004).
Antennas:
The antenna is used for transmission of radio signals. The tag antenna is a conductive
element that enables the tag to send and receive data. Passive low-frequency (135 kHz) and
high-frequency (13.56 MHz) tags usually have a coiled antenna that couples with the coiled
antenna of the reader to form a magnetic field. UHF (915 MHz) tag antennas can be a variety
of shapes (Glossary of RFID Terms, 2004). RFID antennas can be copper coils or printed
conductive patterns. The printed antennas use a specific ink, called "conductive
ink,"
that can
be printed on a variety of substrates.
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Sequence ofRFID Operation
The operation methods of active tags and passive tags are partially different. The diagram
below shows the sequences ofboth types ofRFID tags (Datta, 2004).
Host manages reader(s) and issues command
Reader and tag communicate via RF signal
1
Active:
Carrier signal is generated by reader
(request from host application)
Carrier signal is transmitted through
antennas
Carrier signal reaches tag(s)










signal transmitted by interrogator






listens for response from tags
Tag communicates with interrogator based
on command received
Antennas receive modulated signal and transmits to reader
1
Reader decodes data
Results returned to host application
Figure 2-5: Diagram ofRFID operation methods: Active and Passive
RFID Operating Frequencies
Frequency is the number of repetitions of a complete wave in a second. The unit of
frequency is Hertz (Hz) 1 wave per second (Glossary of RFID Terms, 2004). The operating
frequency in an RFID system is the means ofcommunication between reader and RFID tags.
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ISM Band
"Radio band is a small section of the spectrum of radio communication frequencies, in
which channels are usually used or set aside for the same
purpose."
The Industrial, Scientific,
and Medical (ISM) radio bands were reserved internationally for non-commercial use of RF
electromagnetic fields for industrial, scientific, and medical purpose. In recent years, these bands
have been used for license-free error-tolerant communications applications such as wireless LAN
and Bluetooth (900 MHz, 2.4 GHz, and 5.8 GHz). ISM bands were defined by the ITU-R
(International Telecommunication Union-Radiocommunication Sector). The designated bands
for Individual
countries'
use may differ due to variations in national radio regulations
(http://en.wikipedia.org/wiki/ISM_band). The RFID frequencies used by different regions
around the world are as follows (Soon, 2004):
1 . Region 1 : Europe and Africa
CEPT countries: 869.4 - 869.65 MHz and 865.6 - 867.6 MHz
South Africa: 869.4 - 869.65 MHz and 915.2 - 915.4 MHz
* All of the above operate in <250 kHz channels
2. Region 2: Americas
USA, Canada and Mexico: 902 - 928 MHz
Central & South America: similar to North America but varies from country to country.
3. Region 3: Asia
Australia: 918 -926 MHz
New Zealand: 864 - 868 MHz
Japan: 950 - 956 MHz
South-Korea: 910-914 MHz
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Singapore: 866 - 869 MHz, 868.1 - 869 MHz, and 924 - 925 MHz
Elsewhere in Asia: follow CEPT except Taiwan which largely conforms to FCC
(Federal Communications Commission)
There are four commonly used frequencies in ISM bands for RFID applications as
follows: Low frequency, High frequency, Ultra-high frequency (UHF), and Microwave. See
table 2-1 for characteristics ofRFID frequencies.














Figure 2-6: Lowfrequency tags (125 KHz) Figure 2-7: High frequency tags (13.56MHz)
Providers: TI, Philips, etc Providers: TI, Philips, Tagsys, Microchip, etc.
B fHUUJDUlf i
Figure 2-9: Microwave tags (2.45 GHz)
Providers: Intermec, SCS, Hitachi
Figure 2-8: Ultra-high frequency tags (915MHz)
Providers: TI, Philips, Intermec, SCS, Matrics, Alien
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Description Low Frequency High Frequency UHF Microwave
Frequency
Range
125-134 KHz. 13.56 MHz. 866- 915 MHz. 2.45 - 5.8 GHz.
Read Range
(Passive)
10 cm. lm. 2-7 m. 1-2 m.
Data Speed Low Low to moderate Moderate to high High
Market Share 74% 17% 6% 3%





































































Shared with other -
technologies
Table 2-1: Frequencies used in RFID applications (Leemind, 2004) & (Datta, 2004)
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RFID Tag Classifications
The EPC network was initially based on passive tags that contain only the EPC number
before the Auto-ID Center developed protocols for Class 0 and Class 1 tags, wireless tags that
are already in operation in the market. The following is the detail ofRFID tag classifications.
EPC Tag classes:
Class 0: Read-only passive tags; i.e., the EPC number is encoded onto the tag during
manufacture and can be read by a reader, not written to.
Class 1 : Write once passive identity tags, i.e., tags are manufactured without the EPC
number which can be encoded later in the field.
Class 2: Passive tags with added functionality, e.g., memory or encryption.
Class 3: Semi-passive RFID tags: basically class 2 capability plus a power source to
provide increased range and/or advanced functionality, e.g., sensors.
Class 4: Active tags: communicate with readers and other tags on the same frequency
band; basically class 3 capabilities plus active communication and the ability to
communicate with other tags.
Class 5: Essentially,
"readers:"
can power class 1, 2 and 3 tags as well as communicate
with class 4 and with each other.
(Source: Auto-ID Center, 2004)
RFID Tag Standards
The Auto-ID Center's EPCglobal announced the first generation of RFID protocol
standards recently. The EPC standards have two levels of classification: Class and Generation.
"Class"
represents the tag technology and indicates how data is programmed into tags, whereas
"Generation"
refers to the physical layer of the device and defines the amount of data that can be
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written. For examples, EPC UHF Class 1 Generation 1 (C1G1) standard supports the Write Once
Read Many (WORM) tags that have 96 bits of data and operate in the 860-930 MHz range (Data
System International, n.d.).
EPCglobaVs RFID Protocol Standards: (Blue, Larry, & Powel, Kevin, 2004)
Class 0 and Class 1 Generation 1 Protocol: Both Classes contain only unalterable, or "write
once"
EPC codes. Despite the above being functionally equivalent under the EPCglobal
classification system, Class 0 and Class 1 use different hardware technologies to implement




which ensures the uniqueness of the tag ID. Class 1 tags can be





provides operational flexibility. Because both classes use different protocols, or "air
interface,"
communications, they cannot communicate with each other for RFID
performance. Tags of both classes can co-exit in an environment, but require the readers
that speak their language to be identified.
Class 2 Generation 1 Protocol: The functional tags of this class are starting to enter the
market from many suppliers. The tags have
"Write-Many"
capability and also an increased
memory space for additional data storage requirements.
Multi-Protocol Readers: Due to the lack of tag interoperability in Generation 1, the
development of "multi-protocol
readers"
was introduced to minimize the impact of the
different protocols. Multi-protocol readers have an ability to unlock all of the tags, allowing
end-users to pick the tags and protocol that are best suited to their applications. This is
actually a similar situation that occurred in the consumer DVD market when DVD players
were developed to be able to read multiple CD/DVD disk formats. Recently, many
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providers are developing and demonstrating reader products with multi-protocol reading
capability.
Generation 2 Protocol: Generation 2 standard is the next step ofRFID standard evolution
to
support emerging markets such as UHF RFID. EPCglobal has released a "Last Call
Working
Draft"
of the Generation 2 protocol for industry review and comment. The draft
proposal includes the proposed, common air-interface protocol intended to be used across
all classes ofGeneration 2 tags. This initial draft is labeled as a C1G2 protocol, but with the
intent of using the same air interface across Classes 1 to 4 of the tag functional hierarchy.
The Generation 2 air interface is also defined as
"orthogonal"
to the existing air interfaces
of Generation 1, which means it will not interfere with existing tags, and is also not
compatible with them.
ISO Standards: (Data System International, n.d.)
The International Organization for Standards (ISO), the most respected worldwide
standards organization, is now working on RFID standards as follows:
The ISO/IEC 18000 Series: The series was ratified during 2004. The compliant RFID tags
with ISO/IEC 1 8000 specifications carry information that follows the structure of the EPC
specifications. The users can utilize the EPC numbering system with the interoperability
and protection ofopen international standards.
. ISO 18000 Part 1.2.3. and 4: The four parts of ISO 18000 cover the generic parameters for
the air interfaces at all major frequencies, and also specific air interfaces for tags operating
at 135 KHz, 13.56 MHz, and 2,45 GHz.
ISO 1 8000 Part 6: This part of ISO 1 8000 covers the air interface for RFID tags operating
at UHF (860 - 930 MHz), the widely used frequency for supply chain applications.
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Draft ISO Standards 17363 - 17368: The draft covers different types of logistic containers
and packaging, in addition to individual items. Draft ISO 18185 covers electronic container
seals for logistics security.
Savant and ObjectName Service (ONS): (Data System International, n.d.)
Savant and Object Name Service (ONS) is considered a key to RFID technology. Created
by the Auto-ID Center, Savant is software acting as the central nervous system of the EPCglobal
Network. Savant manages and moves information without overloading existing corporate and
public networks. Information from RFID readers is sent to the computer running Savant. The
ONS then matches the EPC to the address of a document on a server, and the Internet's Domain
Name Service resolves a human-readable URL to a numeric IP address. The document is written
in a new, extensible markup language, called "Product Markup
Language."
Thus, the ONS
essentially tells users what the EPC means, working in a similar manner to the way web pages
are called up on the Internet.
RFID Applications
RFID technology has been used for over two decades in applications such as livestock
identification and automated vehicle identification systems (Sangoi et al., 2004). This technology
is also being developed for new applications such as collecting tolls, managing traffic,
dispensing goods, providing ski lift access, tracking library books, buying hamburgers, and the
growing opportunity of tracking a wealth of assets in supply chain management (Landt, 2001).
The main features of RFID are abilities to identify items without a clear line of sight between
tags and readers, to be read and also written, and to
manage cluster reading (which means many
tags can be reads at the same time). The above unique features determine the applications of
RFID in industries and services, which include: (Chiesa et al., 2002)
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Principle areas of applications: transportation and distribution, manufacturing and
processing, and security and law enforcement
Secondary areas of applications: animal tagging, waste management, time and attendance,
postal tracking, airline baggage reconciliation, and road toll management
Other specific applications: electronic article surveillance (clothing retail outlets),
controlled access to vehicles/parking areas/and fuel facilities (depot facilities), automated
toll collection, controlled access of personnel to secure or hazardous locations, time and
attendance (replacing slot card time keeping systems), animal husbandry (individualized
feeding programs), automatic identification of tools in numerically controlled machines,
identification ofproduct variants and process control in flexible manufacture systems, sport
time recording, electronic monitoring of criminal offenders at home, and vehicle anti-theft
systems and car immobilizers
Examples ofRFIDApplications (Chiesa et al, 2002)
Transportation and Distribution
For rail applications, an RFID system is used to improve fleet utilization which permits
reductions in fleet size. Field-programmable tags, storing 12-character identification of each car
by type, ownership and serial number, are attached to the undercarriage. Antennas are installed
between or adjacent to the tracks and readers are typically located within 40 to 100 feet in a
wayside hut along with other control and communications equipment.
For commercial trucks, RFID systems are used to monitor ingress and egress from
terminal facilities. Combined with weigh-in-motion scales, the same systems can be used for
transaction recording at refuse dumps, recycling plants, mines and similar operations, or for
credit transactions at truck stops or service depots.
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Industrial
RFID systems are used for identification of high-unit-value products when they are
moving through a tough assembly process such as cleaning/bathing/or baking stations. Also, the
systems are suited for permanent identification of captive product carriers such as:
Tote boxes, containers, barrels, tubs, and pallets;
Tool carriers, monorail and power, and free conveyor trolleys;
Lift trucks, towline carts, and automatic guided vehicles.
Because RFID tags do not need to be seen to be read, they can be buried within pallets, tote
boxes, and other containers to provide solid performance for the life of the carrier. Primary
applications are in two basic categories: direct product identification (the tags identify the items
to which they are attached) and carrier identification (the contents in the tags are identified
manually and fed to the control system along with the carrier's machine-readable RF "license
plate
number,"
and then strategically developed readers accomplish subsequent load tracking).
Security and Access Control
RFID tags can be used to monitor the movement of valuable equipment and personnel
resources by attaching them to tools, computers, etc. or embedding them in credit-card-sized
security badges. This type ofmonitoring also provides an extra measure of security for personnel
working in high risk areas in case of emergency evacuation.
Airport applications require a system that can provide high-security operation in an
extremely dense traffic of vehicles, people and goods in a limited time according to flight
schedules. For distribution application, a driver's high-frequency personnel tag, working together
with readers at the gate, makes access control possible when parcel trams quickly pass through
doors to the runway area. For food service application,
a hands free system with a tag under the
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clothes ofwaiters and readers in the ceiling help to keep the doors locked when they are not in
use. Thus, no violators can slip through the kitchen between airside and landside.
RFID Trends in Businesses
The Wall Street Journal (2003) noted that RFID "will be in every product imaginable",
and will replace barcodes and magnetic stripes. Unlike those two systems, RFID tags do not need
to be seen for reading. The use of an unseen signal will then eliminate the "line of sight
scanner"
required with barcodes, and the
"contact"
needed with magnetic stripes. June 2003, Allied
Business Intelligence (ABI) noticed that the global RFID market will possibly grow to more than
3.1 billion dollars by 2008 (Pianoforte, 2003). In the same month, Wal Mart, the world's largest
retailer, announced its RFID mandate, which requires its 100 top-suppliers to use RFID on all
product pallets by 2005, and all suppliers to put RFID tags on pallets and cases by the end of
2006 (Durkalski & Stephanie, 2004). On the other hand, the U.S. Department ofDefense (DoD)
is requiring their suppliers to start using RFID at the lowest possible packaging level in 2005.
Gillette, Procter & Gamble, and the Food and Drug Administration (FDA) also proclaimed their
intentions to implement the technology in 2005 (Ready or Not-RFID's Coming, 2003). This
situation motivated both product manufacturers and packaging suppliers to become ready for the
tagging system revolution.
C1G1 EPC standard for RFID tags has been widely implemented in the current industry
since mid-2004. Wal-Mart has also announced acceptance of any 96-bit EPC tags using the UHF
frequency, which is standardized in EPC C1G1. Although the EPCglobal 's Object Naming
Service (ONS) was not included in Wal-Mart's initial project, RFID implementation by January
2005, Wal-Mart has been helping to develop the system to ensure that service can work properly
with its own e-commerce infrastructure. As a result, ONS is likely to become more widespread
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by 2005 and beyond (Data System International, n.d.). According to Leeming (2004), the market
driver of RFID technology from leading retailers, such as Wal-Mart, is cost reduction or
profitability increase which can be achieved through:
Reduction of distribution inefficiency: fewer shipping mistakes (expensive to correct),
efficient restocking by keeping retail shelves full:
Reduction ofmanpower costs: by automation;
Reduction of theft and fraud.
DoD also plays a critical role in driving RFID markets. DoD intends to use RFID technology to
improve its supply-chain system and reduce cost and logistical complications of an army's
supply.
RFID Implementation in the Packaging Industry
According to the "Specialty Ink
Report"
(Pianoforte, 2003), many packaging and label
providers have shown great interest in RFID development because the smart-labeling technology
can help enhance existing product lines and other packaging applications. The corrugated
container industry is among packaging manufacturers for whom RFID implementation has a
direct impact. Now the Association of Independent Corrugated Converters (AICC) is preparing a
white paper on the implication of RFID and EPC for the corrugated industry (Durkalski &
Stephanie, 2004). According to the "Specialty Ink
Report,"
the white paper will state that each
consumer product will have an RFID tag either on the product itself or on its package. After the
products have been packed into corrugated (shipping) containers, those containers will also have
their own tags before being sent out on pallets from the product manufacturers. Durkalski and
Stephanie, managing and associate editors of Paperboard Packaging Magazine, also said "The
Wal-Mart (RFID) mandates mean one thing for converters: Get ready now. The process of
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integrating RFID tag applications into your services requires research. Converters who take time
now to learn about the technology will win the market share later as the technology grows in
demand".
While the standard for RFID implementation has not been officially published, product
manufacturers and packaging suppliers are developing the technology and production in order to
efficiently supply the requirements of the market. According to Dan Lawrence (2004), there are
three current methods to apply RFID tags on products or items.
1 . Applied Label: Self-adhesive RFID tags are attached onto products or packages.
Although this application is suited for both immediate and long-term solutions, and is
also supported by existing infrastructure, it is considered the most expensive among the
three.
2. Placed Inlay: Inlays (or inlets) are unattached labels without adhesive on the back.
Usually, the inlays have no graphic, and are finally turned into finished labels. This type
ofRFID tags could be taped on products or packages which are easily replaced, recycled,
reused, and returned. Because it is less tied to the item, it can be easily switched and is
not suited for security purposes.
3. Part of Packages (Integrated RFID): RFID antennas are printed directly onto products or
packages, and the microchips are attached. This method is suited for
mid- and long-term
solutions, tightest for product-control, and considered highest speed and lowest cost.
However, it requires investment cost and production line integration. Also, supporting
equipment and know-how do not yet exist.
Today 80% ofbar codes are printed on packages, whereas the rest of them are attached as
labels. For RFID applications, 99% or more are either labels or inlays. It is forecasted that in the
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next five years, integrated RFID may replace approximately 50% of RFID applications
(Lawrence, 2004a). Despite its high cost, the easiest and simplest way for new users to apply
RFID on packages or products is by buying RFID labels or tags from the providers and attaching
them by hand or semi-automatic machines. However, the situation will change when RFID
technology is pushed into the supply chain. The responsibility for tag applications will then be
shifted to suppliers. As Mark Roberti, founder and editor of RFID Journal, said, "If you are
thinking far out, the company would like to pass the application responsibility on to the
packaging company. Put it in, save me the cost of the label and save me the
trouble"
(Durkalski
& Stephanie, 2004). On the other hand, it can be an opportunity for the converters to steal a
market share from competitors. An ideal goal for packaging converters today is to apply an RFID
tag at the minimum cost using integrated-RFID operations. If packaging suppliers can offer the
tags on the containers, product manufacturers would be more than happy to pay a little higher
price for those packages and save their operation time and cost.
Problems andAlternatives
While the demand for RFID has grown rapidly as it becomes more widely used in many
industries, the cost seems to be a major problem for mass implementation. The costs of RFID
tags and labels are estimated from 25 cents up to 2 dollars depending on the capabilities of the
tags, and the costs of the readers are between 1 ,000 and 4,000 dollars (Durkalski & Stephanie,
2004). One way to help the industries implement RFID is to lower the cost of production and/or
materials.
One example of an invention for RFID cost-reduction is reported in the IDTechEx white
paper (Das, 2004). The white paper states that the term "low cost
RFID"
has been used for a few
years. Low- cost RFID tags (less than one dollar each for up to one meter range and under five
Page 31 of 151
dollars above that) are different from conventional tags in many respects. The differences cause
them to be applied in different, new applications. The low cost tags interest diverse groups of
suppliers and users as an alternative to barcodes and magnetic stripes. The new tags are so thin
that they can be placed in a tiny location such as inside sheets of paper. However, they can
support the basic requirements of RFID applications. According to their costs and sizes, all flat
versions of low-cost RFID tags are usually called "smart
labels"
(Das, 2004). The basic
components of the smart label are shown in figure 2-10.
Another way to decrease the production cost is to print the antennas instead of using the
conventional solid-copper antennas. Typically, RFID antennas are made by taking a sheet of
copper on a support and etching away the copper. This is an expensive, time-consuming process,
and it also creates chemical waste. Today technologies make it possible for converters to print
conductive antennas inexpensively in almost the same way as printing bar codes. The cost of
passive tags, therefore, can be reduced to less than a penny, and the tags can also be applied
directly onto every package or product. While the embedded passive-RFID labels cost
approximately 20 to 60 cents each, the printed-antenna RFID could cost 15 to 30 cents each.
RFID Journal (2003) estimated that the antennas printed on ordinary labels or cardboard with
conductive inks will replace the solid-copper RFID antennas within a few years. According to
"Start the
Presses"
(2003), the printed antennas have other advantages compared to the solid-
copper antennas. First, they can be attached to a microchip and turned into a transponder up to
ten times faster than conventional antenna-applications. Second, the chemicals used to produce
the solid-copper antennas cause environmental concerns. The tags made from those antennas
cannot be recycled. According to the presentation at Pack Expo 2004 by Dan Lawrence, director
of Technology and Commercialization, Precisia, the printed antenna has 93-96%. the radiation
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efficiency of a copper antenna (depending on the design), while it only costs between 24-44%>
(Lawrence, 2004a).
Supply Roll
Figure 2-10: Components ofsmart label (Source: The Glennon Group)
Dr. Bruce Kahn, an assistant professor in the Department of Imaging and Photographic
Technology at RIT, said "Although widespread (RFID) application is still a few years away,
conductive inks could revolutionize products and
packaging."
The idea of a printed-antenna is
important for the future of smart packaging. The printed-RFID-antenna has high potential
because it is cost effective. If the converters can print the antennas directly on the package and
then attach a chip to create a transponder, the cost of using RFID systems in the supply chain
will be much cheaper than it is today. According to
IDTechEx1
's report, the market for smart
labels (the labels with an RFID transponder embedded) could reach four billion dollars in 2007
and up to ten billion dollars in 2013. There is no question that the transponders with the
printed-
antennas are going to overtake a considerable
share in the packaging market in the future (Start
the Presses, 2003).
!
A Cambridge, England, consulting firm that tracks RFID and related technologies
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RFID Implementation in Supply Chain
According to its ability to store data such as location, product name, expiration and
product date, etc., the RFID system is applied in a supply chain system to assure that the correct
products, in the correct quantity, are delivered from suppliers to distribution centers and retail-
stores on schedule with no mistakes. This accuracy of purchase orders is a key to many specific
benefits including increases in productivity, decreases in defects and losses, and increases in
asset utilization. In addition, the better-controlled inventory will contribute improvement in
productions, services, and supplier relations, all ofwhich together would help companies gain a
competitive advantage. Today, manufacturers, distributors and retailers are also forced by retail-
markets to provide accurate identification and tracking, which will maximize efficiency,
minimize cost and offer the best possible value for end-customers.
All segments in the supply chain can take advantage of RFID Technology. According to
Intermec's white paper (2004), Retailers in general merchandise, grocery, apparel and other
categories are piloting RFID programs and reporting improved sales from greater stock
availability, cost savings and increased responsiveness, especially in receiving and inventory
control operations. As more retailers are expecting to announce compliance tagging
requirements, many manufacturers may soon be asked or required to apply RFID tags to
shipments. Moreover, many manufacturers take advantage of tagged shipments in their own
processes by applying RFID tags to cases and shipping containers, especially reusable assets like
pallets, reusable plastic containers (RPCs), kegs, totes and gas cylinders. Because the above
RFID tags can be reused hundreds of times, the initial cost of ownership becomes lower. In
addition, tagging at this level also sets the foundation for numerous labor-saving automated
a,
routing, receiving, shipping and inventory control applications, which are highly accurate and
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improve asset visibility. According to studies conducted by AMR Research, sponsored by the
Auto-ID Center, the above benefits enable manufacturers to reduce their fixed assets between 1%
and 5% and cut working capital between 2% and 8% because of better asset utilization
(Intermec, 2004). Possible achievements from RFID implementation in the supply chain are:
Improved tracking ofhigh-value items,
Reduced shrinkage (lost and/or damages ofproducts, etc.) and shipping errors,
Inventory visibility, accuracy and efficiency,
Improved production planning and smart recalls,
Improved technology standards to drive down cost.
The basics components in the supply chain system from raw materials to end-users are
shown in figure 2-11.
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Figure 2-11: Basic elements ofsupply chain (Dan Lawrence, 2004b)
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RFID in Specific Sections ofSupply Chain (Intermec, 2004)
' Asset management: RFID tags can be permanently attached to capital equipment and
fixed assets such as pallets, RPCs, lift trucks, tools, and vehicles to quickly locate their
locations when workers need them. Also, readers can be set to sound an alarm if the items
are removed from authorized areas. By tracking pallets, totes and other containers with
RFID systems, users can automatically control items in their inventory and refill them
when necessary. In addition, records of the data from readers at dock doors can be used to
document cycle times, improve returns and recoveries, and trace items in the case of lost
or damaged assets.
Production Tracking: According to the Auto-ID Center, manufacturers can reduce the
cost of tracking and materials inventory between 2% and 8% by applying RFID tags to
subassemblies in production processes, rather than to finished goods. Industrial control
and material handling systems can also integrate with RFID readers to identify materials
movement in production lines and automatically route them to an appropriate assembly or
testing station. This capability provides accuracy for production without human
intervention.
Inventory Control: The unique abilities of RFID can be read without concern to
orientation or line of sight and can withstand dirt, heat, moisture and contaminants
enable inventory-tracking systems to remove visible blind spots from supply chain
operations. Readers can automatically record the removals of items from warehouse
racks, shelves and other storages. Readers can also be set to sound an alarm if the items
are placed in unauthorized areas, or removed from storage without approval.
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Shipping and Receiving: Items, cases, or pallets with RFID tags will be read, and their
information will be recorded while they are assembled into a complete customer order or
shipment. The individual records can be used to automatically produce a shipment
manifest which can be printed out, recorded in the shipping system, encoded in an RFID
tag, or printed in a 2D bar code on the shipping label.
Regulatory Compliance: RFID is also used in companies who transport or process
hazardous materials, foods, pharmaceuticals, and other regulated material for recording
times when the products are received and/or transferred. The updated records from RFID
systems can satisfy FDA, DOT, OSHA and other regulatory reporting requirements.
Returns and Recalls Management: By supplying the shipment identification information
to RFID tags, manufacturers can trace specific shipments to specific customers in case of
recalls, which would enable a highly targeted notification and returning operation, and
avoid costly general recalls. In addition, the companies can verify that the customer
returning the merchandise is actually the customer who received it in order to prevent
counterfeiting and other forms of return fraud.
Service and Warranty Authorization: For warranty and service work, the record of
activities performed, such as repairing, can be encoded on the tag to provide a complete
maintenance history on the item. If future repairs or services are required, a technician
could access the item's complete maintenance and configuration information without
accessing a database simply by reading the tag.
Stephen Lambright, VP of marketing at Savi RFID devices and software provider in
California, recommended on the problem of tracking
bar-coded items: "Once they are inside the
container you lose that As a result, the company has promoted RFID systems for
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management and security of supply chains. Presently, most of Savi's customers have transferred
information from bar codes on containers to its EchoPoint tags active RFID tags complying
with Auto-ID Center's Class 0 specification. This new application provides tracking visibility
down to the items inside containers, and also capability to track backward to shipping history in










Active or Passive RFID
Master Carton on Pallet
Figure 2-12: RFID application in tracking system
(Passive, Active RFID Tags Linked, 2003)
RFID Technology Development Research
An Early Example ofPrintedAntenna on Carton (Lawrence, 2001b)
According to Dan Lawrence's presentation in Las Vegas (2004), Precisia has done initial
research of printing an antenna on an inner carton using its conductive ink. Two methods of
microchip attachment in the above research are as follows.
1. Chip Integration: Attaching the microchip to the printed antenna by itself. This method
has fewer steps, but it is difficult to handle small chips in packaging and label lines.
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2- Chip Placement: Attaching the microchips on straps to the printed antenna. This method
is easier to handle in production lines, especially with very small chips. However, it has
more steps, and needs a higher volume approach to be economical.
The examples ofRFID tags produced by these two chip-attaching methods are shown in




printed-antenna with integrated chip (left) and
Alien'sprinted- antenna with placed chip (right) (Lawrence, 2004b)
In a box or carton
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Figure 2-14: An early example of
RFIDprinted antenna onpackaging (Lawrence, 2004b)
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Paper-basedRFID with Integrated Sensors (Lundgren, 2001)
The Intelligent Products group at SCA Packaging Research, Sweden, has done research
on developing RFID tags that contain sensors to monitor environmental climate (such as
temperature and humidity) used on packaging for distribution. Although this high-functional
tagging system was required by the markets, the manufacturers were basically not interested in
paying more for this extra function. Therefore, the goal of the study was to make this system
possible at a very low cost. In order to decrease the cost of the system, the idea emerged to print
the entire RFID system directly onto paper. The all-printed system includes five major parts:
printed antennas, printed transistors (for logic circuits), printed batteries, printed sensors, and
printed memory. The above five parts are shown in figure 2-15.
According to the thesis by Jan Lundgren (2001), the printed antenna on paper substrate
was being researched at Mid Sweden University at that moment. The new designs of antennas
were also tested to expand a reading range. At the same time, the research on printed transistors
for logic circuits was in progress in many locations around the world, and functional printed
batteries were also achieved by researchers at the Israeli company, Power Paper. For printed
sensors, although very little research in this field was done, there was a published paper found
presenting a passive RFID system with an integrated capacitive sensor. In addition, Lundgren
successfully did initial trials with printed temperature and humidity sensors as presented in the
above thesis. According to Lundgren's dissertation, the printed memory research was published
demonstrating an experiment using various inks to screen-print memory on an aluminum
substrate. The author explained that a layer of carbon/polyester was printed on an aluminum
layer, and on the carbon/polyester layer, a layer of conducting silver-based ink was printed. The
result of the experiment showed that the printed memory had retention times of approximately
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318 hours and writing times of40 milliseconds (Lundgren, 2001). Although Lundgren stated that
research on the five printed parts of the RFID system had been done, there were still many
unfulfilled areas left to be solved in order to develop an all-printed, low-cost RFID tag.
Printed antenna





Printed logi< Printed sensor
Figure 2-15:Majorparts ofan all-printedRFID with integreted sensors (Lundgren, 2001)
PrintedRFIDAntennas on KraftPaper
According to conversations with Mr. Michael Petersen (2005), the researchers at Xink
Laboratory did an initial test, in December 2004, ofprinting RFID antennas on kraft paper using
Xink's water-based conductive ink. Although the printed antennas showed conductivity, a
problem was found due to small cracks of the printed ink-films on those substrates, which made
the antennas lose their conductivity later on. The researchers suspected that there were issues
with humidity affecting the thin-film traces, but they did not determine the exact cause (Petersen,
2005). Discussions with Professor Bruce Kahn and the author's experience in corrugated
production indicate that the problem may be caused by the effect of humidity on kraft materials.
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Because kraft paper is an excellent moisture-absorber, humidity change will affect its physical
properties, such as size and texture. Figure 2-16 presents the printing press used for printing
RFID antennas on coated labels at Xink Laboratory Inc., Ottawa, Canada (left) and a sample of
the printed labels (right).
Figure 2-16: Xink'sprintingpress and theprintingprocess of
RFID antennas on roll-stocked labels (XinkLaboratory Inc., 2005)
Printing Process andMeasurementProcedure ofPrintedRFIDAntennas
Screen printing and ink-jet printing are the two identified printing-processes that could be
employed to print RFID antennas for cost-reduction purposes (Sangoi et al., 2004). However, the
above processes are relatively slow, and thus will possibly limit the volume and cost-
effectiveness of the tags produced. In the future, the demand for RFID tags can be significantly
increased and, in turn, benefit cost-reduction of production. As a result, high-volume printing
techniques such as rotary letterpress or flexography will have considerably higher potential,
compared to screen printing and ink-jet printing. However, there are many other concerns about
printing quality and limitations as referred in "Printing Radio Frequency Identification (RFID)
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Tag Antenna Using Inks Contain Metal
Nanoparticles"
(Sangoi et al., 2004) "normal electronic
printed patterns (such as transistors) have stringent size constraints in the line thickness, space
between lines, and also other
metrics."
In the above article, the printing patterns were created for
the experiment to permit the study of the properties quoted above and also their relationship to
certain known printing factors. The parameters which were studied included thickness of the
printed pattern, electrical shorts of the printed antenna, the minimum space between lines,
printing quality (physical analysis), and electrical resistance.
Presently, standards for testing RFID equipment have not been officially published.
However, in March 2002, the International Organization for Standardization (ISO) launched the
Working Draft of Radio-frequency Identification Standard for Item Management TR on
Performance Test Methods for RFID Devices: WD 18046. The working draft identifies six
significant parameters which represent the performance ofRFID devices, including identification
range, identification rate, read range, read rate, write range, and write rate. These parameters are
related to the functional ability of an RFID system to activate, segregate, and transact with RFID
tags via an RFID interrogator. The working draft also states the method of RFID system
evaluation to describe the performance parameters. However, it is to be noted that there are also
a number of system and environmental factors which influence and limit the performance of
RFID systems (International Organization for Standardization, 2002).
Corrugated Paperboard: Definition and Types
Corrugated paper is a thick, coarse paper corrugated to give it elasticity and strength.
Corrugated paperboard or "combined
board"
is a combination of corrugated paper and flat-sheet
paper. Corrugated paperboard is used to make packaging for distribution due to its strength and
cushioning
properties. The two main components of corrugated paperboard are the liner and the
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medium, which are both made of a special kind of heavy paper called containerboard, or kraft
linerboard. Linerboard is the flat facing that adheres to the medium, whereas the medium is the
wavy, fluted paper in between the liners. Corrugated paperboard can be classified into four types
according to its basic components as follows (What is Corrugated?, 2004).
Single Face: One corrugated medium is glued to one flat sheet of linerboard,
Single Wall: One corrugated medium is glued between two sheets of linerboard, and also
known as "Double
Face,"
Double Wall: Two corrugated mediums are placed in between each pair of three sheets of
linerboard,
Triple Wall: Three corrugated mediums are placed in between each pair of four sheets of
linerboard.
The arches of the corrugated medium are called
"Flute."
When these arches are anchored
to the linerboard with adhesive, they form rigid columns that can support a great deal of weight
and resist bending and pressure from all directions. The space in between the flutes performs a
cushioning function to protect the products inside the containers during distribution. In addition,
these flutes also serve as an insulator that provides protection from sudden temperature changes
for some specific products. Flutes have several standard shapes or flute-profiles as explained
below and shown in figure 2-17.
A-flute was the first to be developed and is the
biggest flute-profile (approximately 5 millimeters
flute-height),
Figure 2-17: Thefive common fluteprofiles
(What is Corrugated?, 2004)
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B-flute was developed the second and is approximately 3 -millimeter flute-height,
C-flute was the next and is approximately 4-millimeter flute-height,
E-flute is approximately 1.5-millimeter flute-height, and
F-flute, the smallest among these five, is approximately 1 .2-millimeter flute-height.
Due to variances in flute sizes among manufacturers, the Fiber Box Association (FBA)
no longer publishes flute guidelines. Also, new flute-profiles are being created for more
specialized functioning board. Generally, the larger flute-profile gives the greater vertical
compression strength and cushioning, while the smaller profile provides the better crush
resistance when converted or printed. Different flute-profiles can be combined in one piece of
corrugated paperboard. For example, a double-wall board may be composed of B-flute and
C-
flute. The mixed flute-profiles allow designers to manipulate compression strength, cushioning
strength and total thickness of the paperboard for its expected property (What is Corrugated?,
2004).
A specification of corrugated paperboard is composed of an ordered list of the layers
combined in a specified board and its flute type. For instance, "42/26/46,
B-flute"
refers to the
combination of 42-lb/1000sq.ft outer-liner, 26-lb/1000sq.ft corrugated B-flute-medium, and
42-
lb/lOOOsq.ft inner-liner. Corrugated packaging can be made in a vast variety of shapes and sizes
for different types ofproducts and requirements.
^*"*\
Figure 2-18: An example ofcorrugated containers
(What is Corrugated?, 2004)
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Corrugated Packaging and Supply Chain
According to the European Federation of Corrugated Board Manufacturers (FEFCO),
corrugated packaging is the number one transport packaging in the world. Because of its rigidity
and lightness, corrugated packaging minimizes costs and optimizes marketing and sale of the
products. It also plays a key role in responding to the growing demand for more efficiency in the
supply chain due to the following reasons: (http://www.fefco.org)
It is easy to erect. Therefore, it is ideally suited to a fully automated, mechanized system
and provides high speed filling in a very flexible way;
It is easy to flatten down. This collapsibility optimizes floor space, maximizing storage
capacity;
It provides exceptional stacking and space utilization when the products are packed,
which guarantees optimum loading in warehouses, trucks, and containers;
It is highly production effective because it can be delivered at very short notice;
It can easily display a large range of signs, codes and barcodes, which are important for
both consumers and industry to trace the
products'
information.
Due to its high flexibility in usage and process, corrugated packaging becomes an ideal
material for varied expectations of logistic partners throughout the supply chain. It is among the
very first choices of the single trip packaging in an open loop distribution system, especially
when long-distance distribution is involved. Because of its robustness, corrugated containers are
typically selected for products sent across countries and around the world. Corrugated materials
are well known for their efficient protection from vibration, impact and shock, temperature
variations, dust and dirt, and sunlight. The advantages of corrugated packaging are its strength
and product protection, when designed effectively (http://www.fefco.org)
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Conclusion
Due to the unique tracking ability of the RFID systems, they are forecasted to replace
barcodes and magnetic stripes in the near future. The increase in demand for RFID and the
requirements of the leading retailers make the manufacturers and packaging suppliers eager for
RFID implementation. However, there are still many limitations for applying this technology.
The concept ofprinting RFID antennas directly to the packages or products (instead of using the
labels in a "Slap and
Ship"
process) was introduced because of a high potential to reduce both
production and material costs. Although, the innovation of conductive inks makes the printed-
RFID-antenna application possible, further studies still need to be done in order to apply this
technology efficiently in each industry. The printing techniques for printed-RFID-antenna
application have been examined, but there is no report or dissertation found in the area of
printed-RFID-antennas on corrugated packaging. The printing technologies suggested for an
implementation of the printed RFID antennas are letterpress and flexography, which will be
more beneficial for mass, long-term production.
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Chapter 3: Methodology
This research focused on the performance of printed RFID antennas on kraft paper and
corrugated (kraft) paperboard which are typical materials for distribution containers. An
expectation of the study was to demonstrate whether it is possible to implement printed-RFID-
antennas in corrugated packaging production. The main parameter of concern in the experiment
was conductivity of the printed antennas. The conductivities of the antennas on kraft paper and
corrugated substrates were also compared with those of the antennas on coated paper, which was
considered representative of a commercial label substrate. In addition, conductivities of the
antennas on kraft paper and corrugated substrates (C-flute, B-flute, and E-flute) were also
compared with one another to investigate whether the different flute types would affect the
quality of the printed antennas. The method of printing was a proofing scale version of
flexographic printing or Flexography a conventional printing process in the corrugated
packaging industry. The corrugated substrates were the main variables of the experiment.
However, kraft paper was also tested to investigate whether different manufacturing processes
would affect conductivity of the printed antennas. Printing on kraft paper represents the "pre
printing"
process which is the process where kraft paper is printed before being converted into
corrugated paperboard; printing on corrugated paperboard represented the
"post-printing"
process.
An additional section of the study was conducted after the main section showed success.
Due to the wide use of corrugated packaging in the supply chain system, it is possible that the
containers will be transported or shipped across countries, and for a long period of time. Thus, it
is reasonable to ensure the complete viability ofRFID devices after distribution to end-users. An
additional experiment was focused on an effect of severe environments (tropical climate and
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frozen conditions) on conductivity of the functional printed antennas. The major concern in this
section was to demonstrate the possibility of using printed RFID antennas in severe climates in
the US and also in tropical (high humidity/high temperature) countries such as Thailand.
This chapter includes the descriptions of test specimens, test equipment, test parameters,
test protocol, and limitations of the experiment.
Test Specimens
Coated paper
The coated paper was from Sappi Limited, a pulp and paper manufacturer in the US. The
coated paper was a 10-mil white paper (100 lb text-paper). The samples were cut into 50 x 360
mm strips, as well as kraft paper and corrugated paperboards.
Kraft Paper and Corrugated Paperboards
Kraft paper and corrugated substrates should be from the same source to reduce the
number of variables in the experiment. Because the above materials could not be collected from
a single manufacturer locally, kraft paper and corrugated paperboards were requested and
shipped from Thai Containers Group Co. Ltd, Bangkok, Thailand. The kraft liner was
KI1
185
g/sq.m (or 38 lbs/1000 sq.ft), and the corrugated medium was CA2125 g/sq.m (or 26 lbs/1000
sq.ft). Each corrugated substrate had the same combination of the above liner and medium (two
liners and one medium), as shown below in "Specifications". In the US, a common-used kraft
liner is 42 lb/1000 sq.ft; and a common-used kraft medium is 26 lb/1000 sq.ft. The substrates
from Thai Containers Group were, thus, not significantly different from ones used in the US.
1
KI is a calendered, unbleached liner, composed of 30% virgin pulp and 70% recycled pulp.
2
CA is a 100% unbleached, recycled pulp.
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Specifications:
1. Kraft paper: 10-mil, KI 185 g/sq.m (38 lb/ 1000 sq.ft);
2. Corrugated C-flute: 4-millimeter, KI185/CA125/KI185 (or 38/26/38);
3. Corrugated B-flute: 3-millimeter, KI185/CA125/KI185 (or 38/26/38);
4. Corrugated E-flute: 1.5-millimeter, KI185/CA125/KI1 85 (or 38/26/38).
Conductive Ink
Because the actual ink used in corrugated production is water-based, the ink used for this
study was Precisia's CFW-104, water-based flexographic conductive silver ink. The ink is
typically used for commercial RFID labels. According to Mr. Dan Lawrence, Director of
Technology and Commercialization at Precisia, CFW-104A needs to be shaken vigorously for a
minimum of 5-10 minutes before use, or stirred well before being shaken if sediment has formed.
For clean-up, a mild ammonia-solution, such as Windex or multi-purpose cleaner, can be used.
Unlike solvent-based conductive inks, this ink does not need to be cured under high temperature
to provide conductivity (personal communication, February 24, 2005).
Printing Plate
The printing plate was Dupont's
"Cyrel,"
flexographic plate. It was mounted on an IGT
Fl's printing cylinder with a compressible base, or "sticky
back,"
in between. The compressible
base was 3M Flexographic Mounting Tape: Model 1020. The first two digits (10) represent the
series of the mounting tape, which indicates a level
of hardness of this material; the second two
digits (20) indicate thickness of the tape 20 mils. The 10-series mounting tape was the hardest
compressible base that was available. According to an advice from Mr. Timothy Richardson,
Flexographic Press Technologist at PAL, a hard compressible base will provide better ink-
transfer, compared to a soft one (personal communication,
April 29, 2005).
Page 50 of 151
The printing pattern included six RFID antennas and a test target, as shown in
figure 3-1.
The pattern was divided into three areas: test target, set A antennas, and set B antennas. A test
target and six antennas were expected from each printout; but because of the technical limitation,
only "Set A
antennas"
were complete. The above limitation will be discussed more in
"Limitations of the
Experiment."
<- Test target ->
<- SetB -* <r Set A ->
Figure 3-1: Printing Pattern UsedforPrinting Test
The antenna pattern in this study was Alien Technology's
"12"
which was designed for its
ALL-9250 tag. The 12 antenna was intended to be used for EPC class 1 Omega straps (chip
modules), UHF (915 MHz). Its approximate size was
134 mm x 13 mm. ALL-9250 tag is noted
for its high-gain performance in controlled orientations and environments (http://www.
alientechnology. com). Alien Technology's ALL-9250 tag is shown in figure 3-2.
!
Figure 3-2: Alien Technology's ALL-9250 Tag
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Test Equipment
IGT Fl Printability Tester Series 432.C
IGT Fl is a printing tester for Flexography, located in the Printing Application
Laboratory (PAL) at RIT. The equipment is mainly composed of a controlling system, screen
disc (or anilox roller), printing cylinder, doctor blade, impression disc, and two substrate guides
(left and right). The IGT Fl Printability Tester is shown in figure 3-3.
The tester was originally designed for ink testing with a thin substrate such as coated or
uncoated papers. However, its specification allows up to a 4-millimeter substrate to be printed
(IGT Reprotestb.v.,1998). IGT Fl's additional specifications are described as follows:





Figure 3-3: IGTF1 and Its Components
Specifications: (IGTReprotest b.v.,1998)
Size: 600x350x350 mm (millimeter)
Weight: 35 kg (kilogram)
Printing Speed: 0.3
- 1 .5 m/s (meter per second)
Inking Force: 30
- 500 N (Newton) (printing force of screen disc)
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Specifications: (continued)
Printing Force: 30 - 500 N (Newton) (printing force of impression disc)
Max. PrintingWidth: 40 mm
Max. Printing Length: 200 mm
Recommended Test Sample: 50 x 360 mm
According to the conversation at Xink Laboratory Inc. (2005), an actual speed used for
RFID-label printing at its facility was 0.25 m/s. The printing speed used in this study was 0.3
m/s, which was very close to the speed used in the above facility.
Fluke 87: True rms Multi-meter
The True rms Multi-meter was used for
the measurement of electrical resistance (Ohm).
This device is shown in figure 3-4. If test
samples had conductivity, it would show the
value ofresistance measured, but if test samples





Figure 3-4: Fluke 87-True rmsMulti-meter
Environmental Controlled Chamber: Model HB/4
The environmental controlled chamber was manufactured by Standard Environment
System, Inc., and is maintained by Enviren Service, Inc. The chamber is located in the
Electronics Manufacturing Lab at RIT. Its specifications are as follows:
Specifications: (Environmental Controlled Chamber: ModelHB/4)
Temperature Range: 20 C (or 68 F) to 85 C (or 1 85 F)
Relative Humidity Range: 20%
- 95%>
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The freezer was manufactured by ScienTemp Corporation, and is located in the
Electronics Manufacturing Lab at RIT. Its specifications are as follows:
Figure 3-6: Freezer: ScienTemp
TM










Temperature Range: -45 C (or -50 F)
Capacity: 6.8 cu.ft (or 193 liters)
Test Parameters
The test parameter was electrical resistance (Q. or Ohm) which is the inverse of
conductivity. Lower resistance represents higher conductivity, while zero resistance means
perfect conductivity. In fact, zero resistance is not found in any conductive situations. The True
rms Multi-meter was used for electrical resistance measurement. The method of measurement
was placing each probe (either black or red) of the multi-meter on the middle of the wide patch
on either end of the antenna. The multi-meter would then show resistance value (or O.L. if the
antenna had no conductivity) on its screen. The value fluctuated slightly for a few seconds. Once
consistent, the value was recorded.
Sample Size
According to a conversation with Mr. J. Wixson Smith, Program Director of Academic
Support Center at RIT, and Dr. Daniel Goodwin, Professor in Packaging Science Program at
RIT, the suggested number of samples was five or ten antennas (personal communication,
February 2005). Unexpectedly, limitations of the ink quantity and printing process caused the
number ofusable samples to be reduced. A sample size of each test will be presented separately;
and the above limitations will be discussed more in "Limitations of the
Experiment."
Test Protocol
The experiment was divided into two sections: 1) conductivity of the printed antennas
and 2) performance of the functional antennas under
severe environmental conditions. All
Page 55 of 151
printing was conducted at room temperature (21C or 70F) in the Printing Application Lab
(PAL); and all printed samples were stored in the same location. Figure 3-7 presents a diagram
of the test protocol combining the two test-sections.
Find a proper inking force
I
Find range ofprinting condition (force and speed)
I
Find an optimum printing condition (force and speed)
I
Print RFID antennas of each substrate




























Figure 3-7: Diagram ofthe testprotocol
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Section I: Conductivity ofthe PrintedAntennas,
"Section
I"
was composed of four steps: 1) Find a proper inking force, 2) Find range of
printing condition (printing force and printing speed), 3) Find an optimum printing condition for
the five given substrates: coated paper, kraft paper, corrugated B-flute, corrugated C-flute, and
corrugated E-flute, and 4) Print and measure resistance of each antenna.
Step 1 : Find a proper inking force.
The proper inking force used depends on the ink, not substrate (IGT Reprotest b.v.,
1998). Therefore, once the proper inking force was found, it could be used for all substrates.
Substrate: Uncoated paper
Sample Size: Six antennas [only three antennas (Set A) were used for evaluation]
Test Protocol:
1. All test prints in Step 1 were conducted at the suggested condition (from IGT Fl's
provider) of 300 N printing force and 0.3 m/s printing speed. The inking force for each
print was changed from minimum to maximum according to IGT Fl specification. The
controlled inking forces included 50, 100, 150, 200, 250, 300, 350, 400, 450, and 500 N.
2. For each inking force test, a strip of uncoated paper was printed and left at ambient
environment (70F or 21C, 50%. RH) for approximately twenty hours to allow it to dry.
3. After the samples dried, the resistance of each antenna was measured. The inking force
that provided the lowest resistance was selected to be used for the rest of the experiment.
Step 2: Find range ofprinting condition (printing force and printing speed).
Substrate: Coated paper, Kraft paper, E-flute, B-flute, and C-flute
Sample Size: Six antennas for each printing condition on each substrate
Only three antennas (Set A) were used for evaluation.
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Test Protocol:
1. All test prints in Step 2 were conducted at the selected inking force from Step 1 (200 N).
Printing force and printing speed of each print were changed from minimum to
maximum. The controlled printing forces were 100, 200, 300, and 400 N, and the
controlled printing speeds were 0.4 and 0.6 m/s.
Note: Although the maximum printing speed on IGT Fl was 1.5 m/s, initial tests showed
incomplete prints at the speed of 0.8 and 1.0 m/s. Because these two speeds were too high
for the operation, the speeds of0.4 m/s and 0.6 m/s were selected for this test.
2. For each substrate, the samples were printed using the combinations of the given printing
forces and printing speeds (one sample for each combination). After printing, the samples
were left at ambient environment for approximately twenty hours to dry.
3. The electrical resistance of the dried antennas was measured. The printing condition that
provided the lowest resistance value was selected to be controlled in Step 3.
Step 3: Find an optimum printing condition (printing force and printing speed).
Substrate: Coated paper, Kraft paper, E-flute, B-flute, and C-flute
Sample Size: Six antennas for each printing condition on each substrate
Only three antennas (Set A) were used for evaluation.
Test Protocol:
1 . All test prints in Step 3 were controlled at the selected inking force from Step 1 (200 N).
Printing forces and printing speeds were selected in Step 2. The conditions varied
depending on the substrate. Given the selected printing forces and printing speeds above,
a higher and a lower force and speed were used in order to find the best printing
conditions. Figure 3-8 shows the diagram of these printing conditions including one
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selected condition from Step 2 and eight additional conditions (higher and lower
conditions). All printing used the same printing speeds of 0.3, 0.4, and 0.5 m/s, while the
printing force varied as in Table 3-1.
Table 3-1: Printing Forces Used in the Printing Condition Test (Step 3)
Substrate
Printing Force (N)
50 100 150 200 250
Coated paper X X X
Kraft paper X X X
Corrugated E-flute X X X
Corrugated B-flute X X X
Corrugated C-flute X X X
Note: The highlightedmarks present the selected printing forces after






Low Printing Force - High
Figure 3-8: Diagram ofPrinting Conditions Controlled in Step 3
2. For each substrate, the samples were printed using the given printing conditions (one
sample for each condition). After printing, the samples were left at ambient environment
for approximately twenty hours to dry.
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3. The resistance of the dried antennas was measured. The printing condition of each
substrate that provided the lowest resistance value was selected for Step 4.
Step 4: Print and measure resistance of each antenna.
Substrate: Coated paper, Kraft paper, E-flute, B-flute, and C-flute
Sample Size: Six antennas for each printing condition on each substrate
Only three antennas (Set A) were used for evaluation.
Test Protocol:
1 . All test prints in Step 4 were printed using the selected inking force from Step 1 (200 N).
The printing forces were selected as shown in Table 3-1, while the printing speeds
selected were the same for all substrates, 0.3 m/s.
2. For each substrate, four stripes of samples were printed using the above printing
conditions. The printed antennas were then left at ambient environment for approximately
twenty-four hours to completely dry.
Note: The author expected to print five samples for each substrate, but due to limitations
in the amount of available ink, the fifth sets of sample could not be completed.
3. The resistance of the dried antennas was measured. All conductivity data were collected
and used for an analysis in "Chapter 4: Test Results, Analysis, and
Discussion."
Section II: Performance ofthe FunctionalAntennas under Severe Environmental Conditions
According to ASTM D-4332 (Appendix A), standard atmosphere in the US is 73.4F
(23C) and 20%> RH. Special atmospheres in the US are indicated as follows; cryogenic, frozen
food storage, refrigerated storage, temperate
high humidity, tropical, and desert. The highest
humidity is found in temperate-high-humidity and tropical atmospheres. However, the tropical
condition is considered more severe since it has higher temperature compared to the temperate-
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high-humidity condition. As a result, the tropical condition, 104F (40C) and 90% RH, was
selected for the high-temperature/high-humidity environment test. For the low-temperature
environment test, the cryogenic condition, -67F (-55C), was selected since it has the lowest
temperature of all; humidity-control is not required for this condition. According to the weather
data from the US government (Appendix A), the highest temperature in Thailand is found in
April andMay which is > 95 F (35C), and the highest humidity is in October, > 90% RH 26%
of the time. From the above data, the highest-temperature and highest-humidity environments in
Thailand are included in the range of the tropical environment. Therefore, the two severe
environmental conditions, tropical and cryogenic, were selected for this study.
"Section
II"
was composed of three subsections: 1) Tropical environment test (104F (or
40C), 90%o RH), 2) Frozen environment test (-67F or -55C), and 3) Ambient environment test
(70F (or 21C), 50% RH). The test samples used for each subsection were composed of two
printed stripes of each substrate. Figure 3-9 shows a set of samples used for each subsection.
Figure 3-9: A Set ofPrinted-antenna Samples
Usedfor Conditioning in Section II
Because there was not enough conductive ink, the samples used for tropical environment
test and frozen environment test were derived from Step 4, Section I, and the samples used for
ambient environment test were from Step 3, Section I.
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Subsection I: Tropical environment test (104F (or 40C), 90% RH)
Substrate: Coated paper, Kraft paper, E-flute, B-flute, and C-flute
Sample Size: Twelve antennas of each substrate
Only six antennas (Set A) were used for analysis.
Test Protocol:
1 . The resistance of all antenna samples was measured after being printed, and the samples
were left in ambient condition for approximately twenty hours before the second
measurement. The third measurement was done approximately forty hours after print,
right before all samples were placed in the environmental controlled chamber (Figure 3-
5), located in the Electronics Manufacturing Lab. The chamber had been preset to 104F
(or 40C), 90%o RH for twenty-four hours before the samples were conditioned.
2. After conditioning in the chamber, the samples were measured for conductivity every
twenty-four hours for four days. The samples were taken from the chamber one by one in
order to ensure the consistency of the controlled condition; their resistance was measured,
and they were placed back in the chamber.
3. After the fourth day, all samples were removed from the chamber and left in the ambient
environment. The resistance of all samples was measured every twenty-four hours for
three days.
4. The collected data from this subsection is presented and used for analysis in "Chapter 4:
Test Results, Analysis, and
Discussions."
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Subsection 2; Frozen environment test (-56F or
-49C)
Substrate: Coated paper, Kraft paper, E-flute, B-flute, and C-flute
Sample Size: Twelve antennas of each substrate
Only six antennas (Set A) were used for analysis.
Note: Due to the setting limit of the freezer, the lowest temperature that could be
acquired for this test was -56F (or -49C), not -67F (or -55C) as expected.
Test Protocol:
1 . The resistance of all antenna samples was measured after printing, and the samples
were left in ambient condition for approximately twenty hours before the second
measurement. The third measurement was done approximately forty hours after
printing, right before all samples were placed in the freezer (Figure 3-6), located in the
Electronics Manufacturing Lab. The freezer had been preset to -56F (or -49C) for
twenty-four hours before the samples were conditioned.
2. After conditioning in the freezer, the resistance of the samples was measured every
twenty-four hours for four days. Due to technical limitations, the samples could not be
measured during the first two days. For the measurement, the samples were taken from
the freezer one by one; their resistance was measured, and they were placed back in the
freezer.
3. After the fourth day, all samples were removed from the freezer and left in the ambient
environment. The resistance of all samples was measured every
twenty-four hours for
three days.
4. The collected data from this subsection is presented and used for analysis in "Chapter
4: Test Results, Analysis, and
Discussions."
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Subsection 3: Ambient environment test (70F (or 21C), 50% RH)
Substrate: Coated paper, Kraft paper, E-flute, B-flute, and C-flute
Sample Size: Twelve antennas of each substrate
Only six antennas (Set A) were used for analysis.
Test Protocol:
1. The resistance of all antenna samples was measured after printing, and the samples
were left in ambient condition (70F (or 21C), 50% RH) in the Printing Application
Lab.
2. The resistance of the samples was measured every
twenty-four hours for five days after
printing.
3. The collected data from this subsection is presented and used for an analysis in
"Chapter 4: Test Results, Analysis, and
Discussion."
Limitations of the Experiment
Limitations ofEquipment
Anilox Roller: The available IGT Fl's anilox roller (volume 4.5 ml/sq.m, 140 1/cm) had
too low a volume to provide enough ink-film-thickness. The antennas printed from the above
anilox exhibited no conductivity. Therefore, a higher-volume anilox was needed. With assistance
from Mr. Daniel Clark, Print and Image Quality Technician at PAL, the highest-volume anilox
that is available for the IGT Fl (volume 20.0 ml/sq.m, 40 1/cm) was requested from IGT Fl's
provider. The above anilox allowed the experiment to be conducted. However, obtaining the new
anilox delayed the test-schedule for another month. Moreover, although the anilox roller had
been replaced, the new anilox still could not provide the same conductivity as a commercial
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antenna. As a result, the conductivities of the sample antennas could not be compared with those
of commercial ones.
Material Thickness: According to IGT Fl specifications, the maximum substrate
thickness that could be used was four millimeters which is the exactly same thickness as
corrugated C-flute. This caused a zero tolerance between the printing plate and C-flute substrate
during printing; and, thus, several errors occurred. The printing errors wasted a lot of materials
(both C-flute and conductive ink). As a result, this limitation made the ink run out before the
experiment was completed.
Limitations ofMaterials
Conductive Ink: Due to the short dry-time of water-based ink and a small portion of
inking system on IGT Fl, the conductive ink dried so fast that it could not be transferred
perfectly onto substrates. This sometimes caused incomplete and nonconductive antennas; and
always provides thin-film antennas. Although ink-film-thickness could be increased by inking
twice on the printing plate, the ink was dried too fast to be able to use this method. This
limitation limited the ability to achieve maximum conductivity of the printed antennas.
Uncoated Paper: The conductivity of the antennas printed on uncoated paper was far
lower than those on the sample materials. It is possible that the uncoated paper absorbed too
much ink and left too thin an ink film to provide an optimum conductivity, or the rough surface
of uncoated paper made the printed ink-film unsmooth, and, therefore, reduced conductivity of
the printed antennas. As a result, the antennas on uncoated paper were not used to compare with
those on other substrates.
Page 65 of 151
Limitation ofprocess
Print-error: Due to a technical problem between IGT Fl and the printing plate, a
print-
error occurred and caused "Set B
antennas"
to be incomplete (see printing pattern in figure 3-1).
The small gap between Set A antennas and Set B antennas on the printing plate made the
printing cylinder bounce a little bit when the printing plate touched the anilox roller. The
bouncing effect made the printing cylinder unable to transfer all of the ink from the printing plate
to the substrates. Figure 3-11 shows samples of this problem. Although the printed antennas
looked complete in some prints, their conductivities significantly decreased because of this
bouncing effect. The conductivities of Set B antennas showed much lower values than those of
Set A antennas from the same print. Due to this limitation, Set B antennas were not used for
evaluation and analysis.
Figure 3-10: Samples oftheprint-error caused by the bouncing effect
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Chapter 4: Test Results, Analysis, and Discussions
This chapter includes the test results, data analysis, conclusion, and suggestions for future
studies. As described in chapter 3, only the measurements from "Set
A"
antennas are used for
evaluation and analysis. This chapter will present only the data from the above measurements.
It should be noted that conductivity is the inverse of electrical resistance. In the data
shown, high resistances mean low conductivities; and vice versa.
Test Results and Data Analysis
Section I: Conductivity ofthe PrintedAntennas
Step 1: Find a proper inking force.
Test date: May 5, 2005
Substrate: Uncoated paper
Controlled: Printing speed 0.3 m/s, printing force 300 N








Sample 1 Sample 2 Sample 3
50 506.0 433.0 341.0 426.7 82.7
100 357.2 313.5 291.4 320.7 33.5
150 216.2 189.2 223.9 209.8 18.2
200 124.4 128.4 128.5 127.1 2.3
250 129.8 126.9 123.3 126.7 3.3 Splashed pattern
300 254.7 266.3 182.0 234.3 45.7 Splashed pattern
350 Very high resistance N/A N/A All patterns connected
400 Very high resistance N/A N/A All patterns connected
450 Did not operate
500 Did not operate
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The data in table 4-1 show that the inking forces higher than 300 N caused
electrical
shorts on the printed antennas, and, therefore, the antennas had very high electrical resistance.
Although the lowest resistance was found using an inking force of 250 N, the printed antennas
quality as not perfect because of the splashing problem. As a result, the printing force of 200 N









Figure 4-1: Inking Force Test Results
Step 2: Find range ofprinting condition (printing force and printing
speed).
Test date: May 7-8, 2005
Controlled: Inking force 200 N





Printing speed 0.4 m/s Printing
speed 0.6 m/s
Remark
1 2 3 Average 1 2 3 Average
100 17.4 18.0 19.3 18.2
21.5 20.9 25.4 22.6
200 21.1 19.5 19.6 20.1 19.6 21.9j 21.9 21.1
300 23.3 22.3 24.9 23.5 20.9
19.1 21.4 20.5 splashed
400 41.3 35.4 38.6 38.4
24.8 25.5 24.4 24.9 all connected
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Table 4-3: Results of Finding Range of Printing Condition: "Kraft
paper'
Electrical Resistance (Ohm)
Printing Printing Speed 0.4 m/s Printing Speed 0.6 m/s
Remark
Force (N) 1 2 3 Average 1 2 3 Average
100 96.6 89.9 91.3 92.6 97.2 98.4 110.5 102.0
200 117.7 105.0 116.4 113.0 112.5 107.8 118.4 112.9
300 118.8 129.6 117.8 122.1 177.6 182.6 225.3 195.2 splashed
400 442.0 590.1 675.8 569.3 1086.0 1198.0 798.0 1027.3 all connected





Printing Speed 0.4 m/s Printing Speed 0.6 m/s
Remark
1 2 3 Average 1 2 3 Average
100 103.6 95.4 98.5 99.2 109.4 109.0 108.8 109.1
200 79.9 93.2 83.2 85.4 104.3 90.7 84.2 93.1
300 106.6 92.6 95.2 98.1 111.9 98.8 116.9 109.2 splashed
400 100.5 100.1 86.1 95.6 104.8 99.9 131.2 112.0 all connected





Printing Speed 0.4 m/s Printing S jeed 0.6 m/s
Remark
1 2 3 Average 1 2 3 Average
100 107.9 131.5 106.8 115.4 149.2 153.7 142.6 148.5
200 128.6 121.7 109.8 120.0 207.8 207.4 242.7 219.3
300 180.5 164.5 197.8 180.9 225.7 216.6 224.5 222.3 splashed
400 204.9 242.8 271.3 239.7 447.0 351.6 413.2 403.9 all connected





Printing Speed 0.4 m/s Printing S >eed 0.6 m/s
Remark
1 2 3 Average 1 2 3 Average
100 133.7 114.3 116.9 121.6 134.6 109.1 120.0 121.2
200 81.4 81.2 83.3 82.0 126.9 108.5 111.5 115.6
300 100.4 92.2 94.0 95.5 112.0 112.9 135.6 120.2 splashed
400 125.1 105.7 119.5 116.8 154.6 132.4 132.3 139.8 all connected
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In the above tables, the printing force and printing speed that gave the lowest resistance
for each substrate were highlighted. Among the five substrates, coated paper gave the antennas
with the highest conductivity, while corrugated E-flute gave the lowest conductivity. The
selected printing speed for all substrates was 0.3 m/s, while the printing force varied as follows:
Coated paper, kraft paper, and corrugated E-flute: Printing force 100 N
Corrugated B-flute and corrugated C-flute: Printing force 200 N
The above conditions were used in the next step of the experiment. The printing force and
printing speed results from "Finding range ofprinting
condition"
are shown in the following bar
charts (figures 4-2 to 4-6).





















Printing Force (N) ^ d
Figure 4-2: Results ofFindingRange ofPrinting Condition: "Coated
Paper"
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Figure 4-3: Results ofFindingRange ofPrinting Condition: "Kraft
Paper"




















Figure 4-4: Results ofFinding Range ofPrinting Condition: "Corrugated
E-flute"
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Figure 4-5: Results ofFindingRange ofPrinting Condition: "Corrugated
B-flute"











Figure 4-6: Results ofFindingRange ofPrinting Condition: "Corrugated
C-flute"
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Step 3: Find an optimum printing condition (printing force and printing speed).
Test date: May 9- 1 0, 2005
Controlled: Inking force 200 N





Printing Speed 0.3 m/s Printing Speed 0.4 m/s Printing Speed 0.5 m/s
1 2 3 Ave. a 1 2 3 Ave. a 1 2 3 Ave. a
50 21.6 19.9 19.7 20.4 1.0 21.3 20.5 21.6 21.1 0.6 22.3 22.3 23.4 22.7 0.6
100 18.8 18.6 18.5 18.6 0.2 20.1 19.6 19.1 19.6 0.5 23.1 23.0 21.6 22.6 0.8
150 18.1 18.6 18.5 18.4 0.3 19.6 19.5 19.3 19.5 0.2 22.4 21.1 22.1 21.9 0.7





Printing Speed 0.3 m/s Printing Speed 0.4 m/s Printing Speed 0.5 m/s
1 2 3 Ave. o 1 2 3 Ave. a 1 2 3 Ave. a
50 37.5 34.7 34.4 35.5 1.7 39.1 38.8 39.9 39.3 0.6 44.6 35.6 34.8 38.3 5.4
100 43.3 41.9 37.7 41.0 2.9 45.3 43.1 43.2 43.9 1.2 49.1 50.0 48.3 49.1 0.9
150 45.1 43.3 43.7 44.0 0.9 44.1 43.8 46.2 44.7 1.3 49.2 48.2 48.5 48.6 0.5





Printing Speed 0.3 m/s Printing Speed 0.4 m/s Printing Speed 0.5 m/s
1 2 3 Ave. a 1 2 3 Ave. a 1 2 3 Ave. a
50 48.5 48.9 47.6 48.3 0.7 49.3 50.6 48.6 49.5 1.0 51.7 52.5 51.8 52.0 0.4
100 74.2 72.2 71.5 72.6 1.4 64.3 68.3 66.6 66.4 2.0 73.2 67.9 63.2 68.1 5.0
150 67.1 69.6 67.9 68.2 1.3 62.5 58.6 57.8 59.6 2.5 68.3 63.6 69.4 67.1 3.1
Table 4-10: Results of Finding an Optimum Printing Condition:
"B-flute'
Electrical Resistance (Ohm)
Printing Printing Speed 0.3 m/s Printing
Speed 0.4 m/s Printing Speed 0.5 m/s
Force (N) 1 2 3 Ave. o
1 2 3 Ave. a 1 2 3 Ave. a
50 45.1 45.5 47.9 46.2 1.5 44.2
42.4 47.3 44.6 2.5 42.9 49.1 54.8 48.9 6.0
100 40.0 42.3 43.2 41.8 1.7
43.4 42.2 42.3 42.6 0.7 42.5 41.8 41.6 42.0 0.5
150 47.1 45.2 46.2 46.2 1.0 49.9
55.2 57.1 54.1 3.7 48.1 48.1 48.9 48.4 0.5
Page 73 of 151





Printing Speed 0.3 m/s Printing Speed 0.4 m/s Printing
Speed 0.5 m/s
1 2 3 Ave. a 1 2 3 Ave. o 1 2 3
Ave. a
50 79.9 76.9 84.0 80.3 3.6 78.5 77.5 79.4 78.5 1.0 94.2 79.9 87.6 87.2
7.2
100 81.6 77.0 76.5 78.4 2.8 92.0 80.8 84.6 85.8 5.7 73.9 85.6 86.2 81.9 6.9
150 71.9 73.6 72.9 72.8 0.9 79.5 78.6 92.0 83.4 7.5 76.9 79.4 73.6 76.6
2.9
In the above tables, the printing conditions that provided the
lowest resistance for each
substrate are highlighted. The following line charts are used to present the conductivity
data of
the five given substrates from tables 4-7 to 4-1 1. Due to a large difference in the results of all
substrates, the range of resistance values encompassed by the entire experiment was very
wide
(18.1 - 94.2 Ohms). In order to make the charts easy to view, each chart shows a
different data-
range depending on the substrate. However, the difference between
maximum and minimum is
always thirty Ohms. The additional charts of
standard deviation and percentage of standard
deviation over average are also given for all substrates. The standard-deviation and
percentage-
of-standard-deviation-over-average charts are shown in the same scale and data-range (0-15).
Therefore, these charts can be used for a
comparison of data consistency among the five




percentage-of-standard-deviation-over-average of the data are shown in figures 4-7 to 4-16.
Page 74 of 151










-- 50 N / 0.3 m/s I
-m- 50 N/ 0.4 m/s
50 N/ 0.5 m/s
-X- 100N/0.3m/s
-*-100 N/ 0.4 m/s
-- 100N/0.5m/s
-H 1 50 N/ 0.3 m/s
^ 150 N/ 0.4 m/s
150 N/ 0.5 m/s
0
Sample No.
Figure 4-7: Results ofFinding an Optimum Printing Condition: "Coated
Paper"
Standard Deviation & % Standard Deviation/Average: Coated Paper
50N/ 50N/ 50N/ BON/ DON/ DON/ DON/ DON/ DON/ Average
0.3m/s 0 4m/s 05m/s 0.3m/s 0.4m/s 0.5m/s 03m/s 0
4m/s 0 5m/s
Printing Condition



















Printing Conditions Test: Kraft Paper
Sample No.
50 N/ 0.3 m/s
50 N/ 0.4 m/s
50 N/ 0.5 m/s
-K- 100 N/ 0.3 m/s
100 N/ 0.4 m/s
100N/0.5m/s
150 N/ 0.3 m/s
150 N/ 0.4 m/s
150 N/ 0.5 m/s
Figure 4-9: Results ofFinding an Optimum Printing Condition: "Kraft
Paper'










50N/ 50N/ 50N/ DON/ DON/








Figure 4-10: StandardDeviation & % StandardDeviation/Average
oftheAbove Test Results: "Kraft
Paper"
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50 N / 0.3 rrVs
50 N/ 0.4 itVs
50 N/ 0.5 m/s
* 100 N/ 0.3 m/s
100N/0.4nVs
j
100 N/ 0.5 m/s
-H- 150N/0.3n.s
150 N/ 0.4 m/s
150 N/ 0.5 m/s
Sample No.






Standard Deviation & % Standard Deviation/Average: E-flute
50N/ 50N/ 50N/





DO N / Average
0 5m/s
Printing Condition
Figure 4-12: StandardDeviation & % StandardDeviation/Average
oftheAbove Test Results:
"E-flute"
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95.0
65.0
Printing Conditions Test: B-Flute
Sample No.
- 150 N/ 0.3 m/s
- 150 N/ 0.4 m/s
150N/0.5m/s
- 200 N/ 0.3 m/s
- 200 N/ 0.4 m/s
- 200 N/ 0.5 m/s
250 N/ 0.3 m/s
250 N/ 0.4 m/s
250 N/ 0.5 m/s












Standard Deviation & % Standard Deviation/Average: B-flute
DON/ DON/ DON/ 200N/ 200N/ 200N/ 250N/ 250N/ 250N/ Average
0.3m/s 0.4m/s 05m/s 0.3m/s 0.4 m/s 05m/s 03m/s 0 4 m/s 0.5m/s
Printing Condition
Figure 4-14: StandardDeviation & % StandardDeviation/Average
oftheAbove Test Results:
"B-flute"




























200 N / 0.3 nVs
* 200 N / 0.4 rrVs
200 N / 0.5 nVs
^^ 250 N / 0.3 itVs
250 N / 0.4 nVs





3 12 3 4
Sample No.
Figure 4-15: Results ofFinding an Optimum Printing Condition:
"C-flute"




























DON/ DON/ DON/ 200N/ 200N/ 200N/ 250N/ 250N/ 250N/ Average
0.3m/s 04 m/s 0 5m/s 0 3m/s 04 m/s 05m/s 0.3m/s 04m/s 0.5m/s
Printing Condition
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In figure 4-7, the chart shows that the conductivity of the printed antennas on coated
paper was nearly consistent. Although printed with different conditions, the conductivities of
those antennas remained essentially the same. The chart of standard deviation (Figure 4-8) also
confirms its lowest deviation compared to the other four substrates. Graphs of the kraft paper
chart (figure 4-9) and the corrugated E-flute chart (figure 4-11) are mostly flat, showing that
conductivities of those antennas were consistent at the same printing condition. On the other
hand, the B-flute chart (figure 4-13) and the C-flute chart (figure 4-15) show much larger
variability, meaning that the conductivities of the antennas printed on these two substrates were
inconsistent although they were printed with the same condition.
For the same substrate, spaces between lines on charts represent how much the
conductivities are different among the antennas printed using different conditions. Comparing
the three line charts (coated paper, kraft paper, and E-flute), the changes of the printing
conditions affected the resistance of the printed antennas on E-flute more than those on kraft
paper, and much more than those on coated paper. It is possible that variability in resistance of
the antennas on these two corrugated substrates was caused by the limitations of material. First,
the flute profiles of corrugated B-flute and C-flutes are high (three and four millimeters
respectively), and have a large space between the two liners. These
factors might decrease the
ability to resist the printing pressure, and, thus,
the right printing force can not be achieved.
Second, because the printing direction was parallel to the flute-stripes, the
areas of the antennas
that were printed on flute-tips might experience better ink-transfer than the ones that were
printed on spaces (between the flute-tips). Incomplete ink transfer might then affect physical
properties of the printed antennas, and, therefore, reduce their
conductivity.
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From the above charts (figures 4-8, 4-10, 4-12, 4-14, and 4-16), it can be summarized that
coated paper provided the most consistent conductivity (0.5 average of standard deviation); far
followed by kraft paper (1.7 average of standard deviation), E-flute (1.9 average of standard
deviation), and B-flute (2.0 average of standard deviation), while C-flute gave the most
fluctuating conductivity (4.3 average of standard deviation).
The average data in tables 4-7 to 4-1 1 are also shown by the surface charts (left) and the
3D bar charts (right). Both charts present the same data, but the surface chart is used to highlight
the conductivity change affected by different printing conditions, while the 3D bar chart
demonstrates the values of conductivity from different printing conditions. As in the line charts,
the surface charts show different ranges of electrical resistance, with the fixed difference of thirty
Ohms between minimum and maximum. All 3D bar charts show the same scale (0-100 Ohms)
for a reason of comparison. To allow optimum perspective, each surface chart is presented from
a different view point depending on its shape and details. Figures 4-17 to 4-21 show the average
conductivities from the printing conditions tests.

























Figure 4-17: Average Results ofFinding an Optimum Printing Condition: "Coated
paper'
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Figure 4-18: AverageResults ofFinding an Optimum Printing Condition: "Kraft
paper'



















Figure 4-19: Average Results ofFinding an Optimum Printing Condition:
"E-flute'
























Figure 4-20: Average Results ofFinding an Optimum Printing Condition:
"B-flute"
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Figure 4-21: Average Results ofFinding an Optimum Printing Condition:
"C-flute"
For coated paper (figure 4-17), conductivity of the antennas changed slightly with the
change of printing force and printing speed: the higher the printing force, the better the
conductivity; conversely, the higher the printing speed, the poorer the conductivity. The charts
for kraft paper (figure 4-18) shows a similar shape to that of coated paper, but with a greater
change of conductivity when the printing force and printing speed were changed. The shape of
the E-flute surface chart (figure 4-19) is somewhat similar to those of coated paper and kraft
paper. However, it has a much larger range of conductivity change; the resistance varied
somewhat at the higher printing force. The different values of those resistances can be clearer
seen in the 3D bar chart on the right (figure 4-19). For corrugated B-flute and C-flute (figures 4-
20 and 4-21), the conductivities fluctuated, and was not in accordance with the change of the
printing force and printing speed. This
variation in the printing of these two corrugated materials
(and so as some variation of E-flute) can be explained in two ways. First, the region of the
maximum conductivity is smaller for the
corrugated substrates (compared to sheeted papers),
indicating a less robust process and a greater sensitivity
to parameter fluctuations. Therefore,
conductivity can be essentially affected
despite a little variation of printing condition. Second,
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the conductivity results showed high variability because of the limitations of the substrates due to
the same reasons that were explained for the line charts above: flute-profiles and an impact from
printing on the flute-stripes.
The results from step 3 were used to select the printing conditions for step 4. The selected
printing speed for all substrates was the same: 0.3 m/s, while the printing force varied as follows:
Coated paper:
Printing force 1 50 N
Kraft paper and corrugated E-flute: Printing force 50 N
Corrugated B-flute: Printing force 200 N
Corrugated C-flute: Printing force 250 N
Step 4: Print and measure resistance of each antenna.
Test date: May 11-13, 2005
Controlled: Inking force 200 N
Printing force (depending on substrates as described at the end of Section 3)
Printing speed (depending on substrates as described at the end of Section 3)
Table 4-12: Conductivity of the Printed Antennas on the Five Substrates
Electrical Resistance (Ohm)
Substrate 1 2 3 4 5 6 7 8 9 10 11 12 Ave. a
Coated paper 19.1 21.4 20.4 20.2 19.8 19.0 22.0 19.6 20.1 21.4 18.9 21.2 20.3 1.0
Kraft paper 40.1 40.9 41.4 52.8 52.9 52.1 40.1 37.9 37.4 49.6 48.5 47.7 45.1 6.0
E-flute 53.5 55.9 52.3 55.4 54.7 60.7 49.5 50.0 48.6 45.3 48.7 52.2 52.2 4.1
B-flute 51.2 50.6 53.4 68.5 66.8 71.1 46.7 44.0 44.9 76.3 72.8 72.2 59.9 12.4
C-flute 64.0 50.9 47.6 77.5 85.2 76.5 63.9 59.5 61.2 92.0 78.0 85.2 70.1 14.3
The data in table 4-12 are also shown in a line chart (figure 4-22) and a 3D bar chart
(figure 4-23) for comparison. In addition, standard deviation and percentage of standard
deviation over average of the above data are also presented in another 3D bar chart (figure 4-24)
to compare variation of the conductivity of each substrate.











Figure 4-22: PrintedAntennas on Five Substrates: Coated Paper, Kraft Paper,
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Figure 4-23: PrintedAntennas on Five Substrates: CoatedPaper, Kraft Paper,
CorrugatedE-flute, CorrugatedB-flute, and Corrugated C-flute
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Standard Deviation & % Standard Deviation/Average
ID Std. Dev.
B %Std. Dev./Ave.
Coated paper Kraft paper Corrugated Corrugated Corrugated
E-flute B-flute C-flute
Substrate
Figure 4-24: StandardDeviation & % StandardDeviation/Average
ofPrintedAntennas on Five Substrates
The line chart in figure 4-22 shows that the conductivity of the antennas on coated paper
was very consistent. On the other hand, the conductivities of the antennas on kraft paper and the
three corrugated substrates were less consistent even though the antennas on the same substrate
were printed under the same printing conditions. Figure 4-24 shows that the largest variations of
data were found in the results from corrugated B-flute and corrugated C-flute, while coated paper
always provided the consistent conductivity.
The 3D bar chart in figure 4-23 shows the resistances that could be achieved from the
five given substrates. Coated paper provided lowest resistance of all, followed by kraft paper,
corrugated E-flute, corrugated B-flute, and corrugated C-flute. Since the resistance of kraft paper
was lower than on corrugated paperboards, it could indicate that the sequence of the converting
process might have an effect on the printability of the substrates. As a result, pre-printing might
be an opportunity for printing RFID antennas in the
corrugated packaging industry. Moreover,
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the conductivity of the antennas on corrugated substrates decreased as the flute-profile got
bigger. Corrugated C-flute, the biggest flute-profile, provided the lowest conductivity, followed
by the smaller flute-profile, B-flute, and the tiniest one, E-flute. The above result could show that
the flute-profile sizes of flute and space between liners might be the factors that impact the
printability of the substrates. The larger flute-profiles would provide lower printability.
Although the above data showed that kraft paper and corrugated paperboards (especially
B-flute and C-flute) have much lower printability for printing RFID antennas compared to that of
coated paper, these substrates could possibly be modified or developed further in order to
improve their printability. According to a discussion with Mr. Daniel Clark, the rough substrates
can be modified by coating the substrates with the primer before print. The primer can be UV
primer (dried under UV light) or pre-coated primer. Basically, the primer is used to control
absorbability of substrates, and therefore, reduce the penetration of the ink into those substrates.
This will help increase ink-film thickness on the printouts. The process of surface-preparations
may also be another alternative to increase printability ofkraft paper and corrugated paperboards
for this application.
Additionally, images of surface roughness of coated paper and kraft paper were captured
using Zygo NewView 200 Profilometer.
Two- and three-dimensional images are shown in
appendix D. These images show the differences in surface roughness of coated and kraft
materials, supporting the assumption that
physical properties of substrates have a direct impact
on their printability.
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Section II: Performance ofthe FunctionalAntennas under Severe Environmental Conditions
Given the limitations of the process discussed in Chapter 3, the results were collected
from "Set
A"
only. The complete data including "Set
B"
can be found in Appendix B. Each
environmental condition test is composed of two sets of samples from each substrate, including
conductivity data from six antennas (three antennas from each set of sample).
Subsection 1: Tropical Environment Test (104F (or 40C), 90% RH)
Test date: May 1 1 -20, 2005
Table 4-13: Results ofTropical Environment Test: "Coated
paper"
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
Antenna No. 1 hour Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9
Sample 1 25.2 19.7 19.1 15.8 13.6 13.8 13.2 13.4 13.2 13.1
Sample 2 25.5 21.3 21.4 15.3 14.7 14.5 14.1 14.6 14.4 14.8
Sample 3 26.4 20.5 20.4 16.0 15.0 14.2 14.3 14.8 14.6 14.6
Sample 4 22.0 19.9 20.2 15.8 13.2 13.5 13.2 14.1 13.4 13.0
Sample 5 23.1 19.3 19.8 13.8 12.2 13.0 12.7 12.8 12.8 13.1
Sample 6 22.7 18.8 19.0 15.5 12.5 13.0 12.8 13.4 12.5 11.9
Table 4-14: Results ofTropical Environment Test: "Kraft
paper'
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
Antenna No. 1 hour Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9
Sample 1 44.6 39.8 40.1 37.4 33.9 33.8 34.8 34.6 33.1 32.7
Sample 2 44.1 39.9 40.9 46.5 32.9 33.5 33.8 33.9 32.2 33.4
Sample 3 44.9 41.2 41.4 65.8 34.9 34.3 35.0 34.8 33.5 32.5
Sample 4 59.8 50.9 52.8 47.1 43.6 43.4 43.9 44.1 43.6 42.9
Sample 5 57.4 51.6 52.9 47.4 43.5 43.3 42.5 42.6 39.9 41.6
Sample 6 58.5 50.3 52.1 43.9 41.8 41.6 42.5 41.3 40.4 40.9
Note: Sample 2 and 3 experienced water dropping on the surfaces during the first day of conditioning.
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Table 4-15: Results of Tropical Environment Test:
"E-flute'
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
Antenna No. 1 hour Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9
Sample 1 65.3 56.4 53.5 49.6 47.9 48.0 48.8 48.6 48.0 48.6
Sample 2 64.7 57.0 55.9 51.2 47.9 46.8 46.6 46.2 46.0 45.4
Sample 3 60.7 54.8 52.3 48.2 46.0 45.1 44.7 44.9 43.8 42.8
Sample 4 63.5 56.6 55.4 54.2 47.8 48.3 48.0 47.6 47.3 47.3
Sample 5 68.9 55.3 54.7 50.3 46.0 45.6 45.9 45.7 44.0 44.6
Sample 6 69.0 61.4 60.7 55.5 50.7 50.0 49.5 48.7 48.5 48.4
Table 4-16: Results ofTropical Environment Test:
"B-flute"
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
Antenna No. 1 hour Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9
Sample 1 61.9 51.6 51.2 44.2 42.7 42.7 42.0 41.6 40.0 40.9
Sample 2 61.3 50.6 50.6 43.4 41.3 41.2 39.6 39.3 39.2 40.2
Sample 3 62.2 54.2 53.4 46.1 43.6 43.0 41.0 42.1 41.6 42.4
Sample 4 89.1 68.8 68.5 63.1 56.1 56.5 56.6 56.4 55.7 55.8
Sample 5 84.3 68.7 66.8 58.5 55.8 53.9 53.2 52.8 51.2 52.3
Sample 6 91.7 69.8 71.1 62.8 58.4 58.5 59.3 60.0 56.0 55.8
Table 4-17: Results ofTropical Environment Test:
"C-flute'
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
Antenna No. 1 hour Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day
7 Day 8 Day 9
Sample 1 71.8 65.4 64.0 57.8 55.6 55.4 55.7
54.7 54.3 54.5
Sample 2 68.7 56.4 50.9 47.6 45.2 44.5
45.2 45.1 44.0 43.2
Sample 3 53.2 49.4 47.6 41.0 38.2
38.7 38.2 37.5 37.4 37.8
Sample 4 81.9 77.9 77.5 85.9 79.5
81.3 82.2 81.9 81.2 80.4
Sample 5 91.5 85.7 85.2 94.8 89.4
88.2 90.3 91.0 89.7 89.6
Sample 6 83.2 77.6 76.5 82.5 79.3
79.8 81.0 80.2 79.7 79.2
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In order to show the relationship visually, all data are also presented in line charts.
Because the data for each substrate was collected from two prints (sets), the graphs presented in
the following charts may be separated into two groups according to the difference of
conductivities from the two sets of samples. Figures 4-25 to 4-29 show the results of the tropical
environment test. All charts are shown with the same range of electrical resistance (0-100
Ohms).
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Figure 4-25: TropicalEnvironment TestResult: "Coated
paper'
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Figure 4-26: Tropical Environment Test Result: "Kraft
paper'
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Figure 4-27: TropicalEnvironment TestResult:
"E-flute"
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Figure 4-28: TropicalEnvironment Test Result:
"B-flute'
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Figure 4-29: TropicalEnvironment TestResult:
"C-flute"
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As seen in the line charts above, the printed antennas on all substrates showed lower
resistance (better conductivity) after being exposed to the tropical environment compared with
the ambient environment. In addition, the conductivities of the antennas remained the same after
the antennas were removed from the tropical environment.
It can be concluded that high humidity did not change the physical properties of the given
substrates to reduce the conductivity of the antennas, as assumed at the beginning of the study.
An increase of the conductivity was caused by the high temperature and/or high humidity.
Because the ink used was a conductive silver ink, it is possible that the high temperature from the
controlled chamber made the metallic particles in the ink flow better on the surface of the
substrates, which allowed the conductivity of the printed antennas to increase. Thus, the result of
the experiment shows the conductivity increased, instead of settled or decreased.
Focusing on an error of the antennas on the kraft paper during Day 3 (figure 4-26), water
caused a significant increase of the resistance. However, after they were dried, the resistance of
those antennas dropped back to approximately the same level as the others. This showed that the
water (very high humidity) dramatically affects the conductivity of the printed antennas. For the
antennas 4 to 6 on C-flute (figure 4-29), the graphs show similar results as those ofkraft paper. It
is possible that the error on the C-flute samples might be caused by water-drops as well.
However, this is only an assumption because the water-drop was not found by at the time of
record. From the graphs after day 3, it is also possible (if the above assumption is correct) that
the water might change the physical properties of those C-flute samples. Thus, when the
resistance of those antennas dropped back, it was still higher than the resistance before
conditioning.
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Subsection 2: Frozen Environment Test (-56F or -49C)
Test date: May 1 1 -20, 2005
Table 4-18: Results of Frozen Environment Test: "Coated
paper'
Electrical Resistance (Ohm)
Before conditioning During Conditioning Aftei Conditioning
Antenna No. 1 hour Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9
Sample 1 26.5 21.1 22.0 22.0 22.3 22.5 22.1 21.7
Sample 2 22.5 20.0 19.6 19.4 20.4 19.8 20.4 19.5
Sample 3 22.2 20.9 20.1 20.2 20.2 20.3 19.8 19.7
Sample 4 23.6 20.5 21.4 21.2 21.7 21.1 21.2 21.0
Sample 5 22.4 19.5 18.9 18.4 18.7 18.8 19.0 18.4
Sample 6 22.5 21.4 21.2 20.8 21.2 21.5 21.6 21.2
Table 4-19: Results of Frozen Environment Test: "Kraft
paper"
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
Antenna No. 1 hour Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9
Sample 1 46.6 40.5 40.1 61.7 70.4 59.6 59.6 57.8
Sample 2 44.6 38.3 37.9 60.8 67.2 58.0 58.7 57.8
Sample 3 42.9 37.8 37.4 60.4 63.9 58.4 57.8 58.4
Sample 4 59.8 50.5 49.6 76.5 84.6 73.8 73.6 73.6
Sample 5 59.6 49.2 48.5 76.8 85.8 75.4 74.8 75.4
Sample 6 59.2 49.0 47.7 77.5 82.0 75.9 74.8 73.9
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Table 4-20: Results of Frozen Environment Test:
"E-flute'
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
Antenna No. 1 hour Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9
Sample 1 55.0 50.1 49.5 86.1 99.6 76.4 74.5 74.0
Sample 2 55.1 48.9 50.0 87.4 96.6 74.0 72.2 71.9
Sample 3 55.1 49.8 48.6 85.7 95.6 73.3 73.5 74.0
Sample 4 54.2 44.5 45.3 77.9 85.5 64.8 63.0 62.4
Sample 5 61.0 49.7 48.7 88.6 92.1 76.5 74.4 74.5
Sample 6 61.2 53.3 52.2 86.9 89.9 75.8 73.2 73.7
Table 4-21: Results of Frozen Environment Test:
"B-flute'
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
Antenna No. 1 hour Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9
Sample 1 94.4 77.0 76.3 178.8 172.1 142.6 141.8 141.3
Sample 2 91.5 73.8 72.8 180.4 180.2 142.2 138.9 139.4
Sample 3 88.8 72.2 72.2 156.8 156.4 132.6 131.3 129.9
Sample 4 57.6 47.8 46.7 86.4 92.8 76.7 75.4 75.2
Sample 5 56.8 45.1 44.0 81.9 80.8 71.8 70.5 69.5
Sample 6 57.6 45.3 44.9 83.1 82.3 78.2 76.2 75.8
Table 4-22: Results of Frozen Environment Test:
"C-flute'
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
Antenna No. 1 hour Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9
Sample 1 92.8 91.4 92.0 179.1 194.0 170.4 167.7 168.1
Sample 2 79.0 77.7 78.0 150.3 166.8 145.0 144.6 146.1
Sample 3 84.5 84.7 85.2 166.5 186.3
146.7 149.8 147.9
Sample 4 78.8 64.1 63.9 114.5
136.7 97.5 97.0 95.8
Sample 5 73.9 60.9 59.5 106.9
126.8 91.5 89.8 91.0
Sample 6 76.2 61.9 61.2 107.2
125.2 92.7 92.3 93.3
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Figures 4-30 to 4-34 show the results of the frozen environment test. All charts were
presented at the same range of electrical resistance, 0-200 Ohms.
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Figure 4-30: Frozen Environment Test Result: "Coated
paper"
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Figure 4-31: Frozen Environment TestResult: "Kraft
paper"
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Figure 4-33: Frozen Environment TestResult:
"B-flute"
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Figure 4-34: Frozen Environment Test Result:
"C-flute"
The line charts above show that the resistance of the antennas on coated paper (figure 4-
30) was relatively stable under the frozen environment while the resistances on kraft paper and
E-flute changed increased by approximately forty Ohms or more by the fourth day of
conditioning. Greater changes in conductivity were found from the antennas on B-flute and
C-
flute substrates. After four days in the frozen environment, the resistance of the antennas on
B-
flute was increased by approximately 50-100 Ohms; the resistance of those on C-flute was
increased by approximately 60-120 Ohms. After the
samples were removed from the freezer, the
resistances of the antennas on every substrate (except
coated paper) immediately decreased and
then stabilized. The final resistances, however, were higher than the levels before conditioning.
This subsection demonstrates that the frozen environment had a
small effect on the antennas of
coated paper, had some impact on those
of kraft paper and corrugated E-flute, and had the
greatest impact on corrugated B-flute and C-flute.
Page 98 of 151
In order to compare the resistance results among the given substrates, the 200-Ohm-scale
is used for the charts in section. However, this small scale may not clearly show the difference of
the resistance changes of the same substrate. Therefore, the average resistance changes of each
substrate from the three environmental conditions are presented in figure 4-40 and 4-41.
Subsection 3: Ambient Environment Test (70F (or 21C), 50% RH)
Test date: May 11-16, 2005





1 hour Day 1 Day 2 Day 3 Day 4 Day 5
Sample 1 26.6 25.3 23.1 24.0 22.9 23.2
Sample 2 25.3 24.2 25.9 24.8 24.9 24.2
Sample 3 28.8 25.7 26.2 26.8 26.6 25.5
Sample 4 24.5 22.9 23.4 22.9 23.6 23.6
Sample 5 23.9 22.2 22.7 22.4 22.2 22.1
Sample 6 28.3 25.7 25.4 25.9 26.0 25.6





1 hour Day 1 Day 2 Day 3 Day 4 Day 5
Sample 1 39.1 33.2 34.4 34.5 35.2 35.9
Sample 2 35.9 30.1 30.5 32.8 33.2 33.7
Sample 3 42.8 36.6 37.5 38.6 38.2 39.2
Sample 4 48.6 44.6 45.2 45.0 44.6 45.7
Sample 5 56.2 51.5 52.2 52.0 52.7 53.0
Sample 6 59.6 55.6 55.7 56.7 56.7 56.5
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1 hour Day 1 Day 2 Day 3 Day 4 Day 5
Sample 1 51.8 46.2 47.1 46.2 46.7 47.6
Sample 2 52.5 47.6 47.4 48.3 48.9 49.9
Sample 3 51.7 44.9 46.1 46.4 46.6 47.2
Sample 4 51.2 50.4 49.4 49.0 51.2 52.0
Sample 5 50.3 48.2 48.2 48.0 48.9 50.3
Sample 6 50.8 48.4 47.2 50.2 50.0 50.1





1 hour Day 1 Day 2 Day 3 Day 4 Day 5
Sample 1 44.0 43.2 43.8 45.3 46.3 47.2
Sample 2 43.9 43.3 44.2 45.0 46.3 47.3
Sample 3 41.8 40.0 41.0 41.6 43.8 44.3
Sample 4 48.6 44.2 45.9 44.6 46.6 46.4
Sample 5 44.0 42.4 44.4 46.4 47.6 47.9
Sample 6 48.4 47.3 50.8 52.2 52.4 52.6





1 hour Day 1 Day 2 Day 3 Day 4 Day 5
Sample 1 86.2 78.8 80.0 81.6 81.6 82.9
Sample 2 84.3 75.9 77.0 76.0 80.3 80.4
Sample 3 78.4 69.4 72.4 74.4 74.6 74.0
Sample 4 84.0 79.9 81.6 79.8 81.8 81.7
Sample 5 82.2 76.7 77.6 78.1 79.6 80.2
Sample 6 83.2 78.2 80.0 81.4 79.7 80.2
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Figures 4-35 to 4-39 show the results of the ambient environment test. All charts show
the same range of electrical resistance, 0-100 Ohms.
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Figure 4-35: AmbientEnvironment Test Result: "Coated
paper"
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Figure 4-36: AmbientEnvironment TestResult: "Kraft
paper"
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Figure 4-38: AmbientEnvironment Test Result:
"B-flute'
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Figure 4-39: Ambient Environment Test Result:
"C-flute"
For all substrates, the line charts show that the resistance changed in the same direction.
On the first day after the antennas were printed, the resistance of all substrates decreased slightly.
After that, the resistance of the antennas on coated paper remained
consistent until the end of the
record, while the resistances of the antennas
on kraft paper and all corrugated substrates kept
increasing slightly until the end of the record. The
above charts of approximately linear graphs
also show that the resistance of the antennas on all substrates increased with the
passage of time.
Data Analysis
In order to analyze and summarize the conductivity
changes of all substrates caused by
the severe environmental conditions, the charts in figure 4-40
and 4-41 are presented. The chart
in figure 4-40 shows the differences of the resistances
before and after conditioning in Ohms; the
chart in figure 4-41 shows the percentages of
the resistance changes before and after
conditioning. The data of the resistance changes and
the percentages of the resistance changes,
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including standard deviation of the data, can be reviewed in table 4-28. Due to the finding that
the resistance of the antennas always dramatically dropped on the first day after printed, the data
of the resistance before conditioning are collected from the second day after printed. The
resistance data after conditioning are the ones from the last day of the records.
Table 4-28: The Averages ofAbsolute Resistance Changes and Relative Resistance
Changes from Environmental Conditions Test
Substrate













Average Std.Dev. Average Std.Dev. Average Std.Dev. Average Std.Dev. Average Std.Dev. Average Std.Dev.
Coated paper -6.4 0.3 -32.3 2.3 -2.9 0.9 -12.5 2.9 -0.3 0.9 -1.1 3.8
Kraft paper -8.1 1.2 -17.7 2.2 14.2 0.8 27.8 4.6 2.1 1.1 5.7 4.1
E-flute -10.3 1.6 -18.1 3.0 15.4 3.9 27.1 7.4 1.9 0.4 4.0 0.9
B-flute -12.5 2.2 -20.6 2.1 33.8 14.9 43.9 13.4 4.2 1.2 9.7 2.7
















































Coated paper Kraft paper E-flute
Substrate
B-flute C-flute
Figure 4-40: AbsoluteResistance Changes from the Environmental Tests
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Figure 4-41: RelativeResistance Changesfrom the Environmental Tests
The minus value represents the decrease of resistance change, while the plus value shows
the increase of the change. From figure 4-40 and 4-41, the largest change of the resistance was
found in the frozen environmental condition, followed by the tropical and the ambient
environmental conditions respectively. The percentages of those changes are also shown in the
same sequence. From overall of the standard deviation graphs of both absolute and relative
changes, it most likely that the data collected from C-flute have the
greatest fluctuation, followed
by B-flute, E-flute (except in ambient environment),
kraft paper and coated paper respectively.
In the tropical environmental condition, C-flute showed
the smallest average change, and
B-flute showed the largest one. It is interesting to see that although coated paper showed the
second smallest average change, the percentage of
that change were much higher than those of
the other substrates. Because the existing resistances
of coated paper were much lower than those
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of the other substrates; despite the same change, the percentage of the change was higher
compared to other substrates.
For the frozen environmental condition, coated paper showed the smallest change,
followed by kraft paper, E-flute, B-flute, and C-flute respectively. From figure 4-40, only the
conductivity of the antennas on coated paper was improved in the frozen environment.
For the ambient environmental condition, coated paper showed the smallest change, and
also the only decreasing change. The largest change was found from B-flute, C-flute, kraft paper,
and E-flute respectively.
Conclusion
The results of these experiments show that the antennas on coated paper, which is the
typical substrate used for commercial printed RFID antennas (RFID labels), had much greater
conductivity than those printed on kraft paper and all corrugated substrates. However, the fact
that printed antennas on kraft paper and on corrugated paperboards were conductive suggested
that the above substrates may successfully be used for printing RFID antennas. Development or
modification of the physical properties of kraft paper and corrugated paperboards might be
required in order to allow them to be used for printing RFID antennas in corrugated packaging
manufacture. Examples of the development and modification include development of the
ingredients of paper, modification in paper-making process, and the use of primers or
surface-
preparations. In addition, the properties of the conductive ink might be another concern.
Conductive inks developed particularly for this purpose could help to improve the quality of the
printed RFID antennas.
From the environmental conditioning tests, the antennas on coated paper showed little
effect when the environmental condition changed.
The tropical environment (high
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temperature/high humidity) slightly improved the conductivity of the antennas on kraft paper and
the corrugated paperboards, whereas the conductivity dropped slightly in ambient environment,
and dramatically reduced in the frozen environment. From the above results, the printed antennas
on kraft paper and the corrugated paperboards should be able to function normally under regular
and tropical environments; but might have a problem when they are used in frozen conditions
such as on frozen food or fresh food packages, or in low temperature areas.
Suggestions for Future Studies
PrintedAntennas withMicrochips Attached
It was the original intention to study microchip attachment after successfully printing
antennas on corrugated paperboards. Of interest were the performance of RFID tags from the
printed RFID antennas and the possibility of attaching microchips in a production line. It would
be interesting to investigate whether the printed antennas could function properly after
microchips are attached; and whether it is possible to apply the entire method (printing antennas
and attaching microchips) into the manufacturing of corrugated packaging.
Due to the limitations ofmaterials, equipment, and time, it was not possible to investigate
the above considerations in this research.
PrintingRFIDAntennas on CommercialPrinting Presses
It would also be of interest to conduct the printing experiments on a commercial printing
press in order to eliminate the limitations caused by a simulation system and the incompatibility
between conductive ink and printing equipment. However, there
was no flexographic printing
press for corrugated materials available in the lab, and the conductive ink was available in only a
limited amount. Therefore, the equipment available needed modification in order to conduct the
experiments. It would be interesting to study the performance of the antennas on corrugated
Page 107 of 151
substrates printed using a commercial printing press, and also to compare that to the performance
of the ones on commercial labels. This would be the best way to demonstrate validity of the
experiment; and to show the possibility ofprinting RFID antennas on corrugated substrates.
PrintedRFIDAntennas on Kraft Paper and CorrugatedMaterialsfrom the US
Kraft paper and corrugated paperboards used in this study were obtained from Thailand.
These materials were produced and modified differently from the ones used in the US. Visually,
the physical properties of these two groups of corrugated paperboards are significantly different.
The substrates from Thailand were lighter colored, brighter, and smoother than the ones from the
US. When looked at through the light, it can be seen that the pulp in the substrates from Thailand
was also denser and more even. Therefore, it would be interesting to investigate whether the
corrugated paperboards produced in the US, which have inferior physical properties, will
perform differently for printing RFID antennas than the above substrates from Thailand.
Comparison ofConductivities ofPrintedAntennas on Different Flute Directions
Like bar codes on packages, RFID antennas can be placed in many locations depending
on the style of those packages and the graphics. For corrugated materials, flute stripes may have
an effect on the printing quality of the antennas. As a result, for printing
RFID antennas to be
implemented in the corrugated packaging production, it would be beneficial to know whether
different flute directions will impact the conductivity of the printed antennas. The study will help
design the position of the antenna on the packages to achieve the best quality.
Solvent-based Conductive ink
During the trial experiments, a flexographic,
solvent-based conductive ink from Parelec
was also used to find an optimum system for the study. Although the solvent-based ink provided
more highly conductive antennas, it needed to be
cured at a very high temperature (150 C for 15
Page 108 of 151
minutes). It would also be interesting to investigate if there is/are other solvent-based conductive
ink(s) for flexographic printing that need not be cured and still provide good conductivity for the
printed antennas on these substrates. Also, it would be interesting to conduct the conditioning
test on the printed antennas from solvent-based conductive ink and compare them to the results
of the ones printed from water-based conductive ink.
Environmental Impact ofPrintedRFID
Printing RFID antennas on kraft paper and corrugated paperboards may impact the
environment or the process of recycling. Thus, it would be important to investigate the impact of
printing RFID antennas on the environment. Possible environmental problems should be
identified and studied before this method should be used.
Improvement of Kraft Paper and Corrugated Paperboard for Printing RFID Antennas:
Applications Using Primers andSurface-preparation
The results of this study showed that printed antennas on kraft paper and corrugated
paperboards had lower conductivity than those on coated paper. The less conductive antennas
might be caused by the physical properties of the substrates such as rough surface and good
moisture-absorption. These properties have a direct impact on the printability and, therefore, on
the quality of the printed antennas. There are many
primers and surface-preparations used in
kraft paper and corrugated paperboard manufacturing to improve the surface quality of the
substrates, for examples, coating, wax, UV-primer, and pre-coated primer. It would be
interesting to demonstrate whether primers and/or surface-preparations can help to increase
conductivity of the printed antennas
on kraft paper and corrugated paperboard, and to identify
the differences between the uses ofdifferent primers and surface-preparations.
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The Potential ofUsing Pre-printing Processfor PrintingRFIDAntennasfor Corrugated
The results of this study showed that printed antennas on kraft paper had higher
conductivity than those on corrugated paperboards. Accordingly, the assumption was made that
pre-printing may have greater potential for printing RFID antennas on corrugated materials, than
post-printing. It would be interesting to prove whether the above assumption is correct or not.
The result of this study will be useful for selecting an optimum process to be used for printing
RFID antennas in corrugated packaging production.
The Effect ofDifferences in Co-efficient of Thermal-expansion between the Substrates and
Ink on the Conductivity ofthe PrintedAntennas
Basically, high temperature causes surface expansion, while low temperature causes
surface shrinkage, on substrates. These changes of substrate surfaces have a direct impact on
physical properties of the printed antennas. However, different substrates and conductive inks
used may show different changes on the printed antennas because of the differences of co
efficient of thermal-expansion between substrates and inks. As a result, it would be interesting to
investigate and compare the effects of co-efficient of thermal-expansion between different
substrates (such as coated paper, film, or kraft paper) and different inks on the conductivity of
the printed antennas. The result of this study may be helpful in the process of material selection
for printing RFID antennas applications used
in thermal-sensitive industries, for examples frozen
foods, medical devices, etc.
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Appendix A: Environmental Conditions Information
1) ASTM Standard 2004: D 4332 (US environmental conditions)
1. Preconditioning Atmosphere: 20-40C (68-104F) and 10-35% RH (Relative Humidity)
2. Standard Conditioning Atmosphere: 23 +1C (73.4 +2F) and 20 2% RH
3. Special Atmosphere:
Atmosphere Temperature Relative Humidity
Cryogenic (A) -55 3C (-67 6F) uncontrolled
Frozen food storage (C) -182C(04F) uncontrolled
Refrigerated storage (D) 5 2C (41 4F) 85 5% RH
Temperate high humidity (F) 202C (68 4F) 90 5% RH
Tropical (L) 40+2C(104+4F) 90 5% RH
Desert 602C(140+4F) 15+2%RH







-35 +3C (-49 +6F)
202C (68 4F)
272C(81 4F)
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3) Exxon Mobil's controlled atmosphere standard
Condition Temperature Relative Humidity
Freezer -21C (-6F) not specified
Ambient 21 +1.67C(703F) 50 5% RH
Warm and moist I 29.4+1.67C(85+3F) 85 5% RH
Warm and moist II 37.7 1.67C (1003F) 90 5% RH
Hot and dry 32 +2.79C (90 +5F) uncontrolled
4) Weather
Data* from Kodak (Thailand environmental conditions) (Kausch, 2005)
Month
Relative Humidity
> 60% RH > 70% RH > 80% RH > 90% RH
January 68% 52% 34% 12%
February 75% 59% 41% 10%
March 77% 60% 41% 5%
April 77% 59% 37% 5%
May 82% 64% 39% 12%
June 87% 62% 35% 10%
July 85% 61% 37% 13%
August 89% 65% 39% 15%
September 92% 72% 53% 24%
October 90% 72% 55% 26%
November 77% 55% 35% 11%
December 64% 42% 23% 5%
Annual 81% 61% 39% 12%
The above table presents the values (in percent (%)) of time condition exists. For example,
"January
68%"
means 68% of the time Relative Humidity is equal or over 60%.
*The Weather Data Program is developed and commercialized by the US Government. The program provides the
data collected from approximately 20 years ofhistory which covers numerous regions and cities around the world.
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Temperature conditions in Thailand (Kausch, 2005)
The above program indicates that the temperature in Thailand is the most extreme between
April and May. The data below presents the temperature values of time condition exists.
April/May (2% of the time) > 100 F (37.8 C)
April/May (47% of the time) > 95 F (35.0 C)
Annual Mean Max Temperature 87.3 F (30.7 C) - 94.0 F (34.4 C)
Annual Mean Max Temperature 71 .4 F (21 .9 C)
- 80.5 F (26.9 C)
5) Thai Industrial Standard
Standard controlled atmosphere for testing packaging in Thailand uses ISO Standard
Condition
"H"
(27 2C and 65 2% RH).
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Appendix B: Raw testing Data and Charts
Section II: Performance of the Functional Antennas under Severe Environmental
Conditions
Subsection 1 : Tropical Environment Test (104F (or 40C), 90% RH)
Table oftheData
1) Tropical Environment Test: Coated Paper Sample 1
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May 17-May 18-May 19-May 20-May
Sample 1 25.2 19.7 19.1 15.8 13.6 13.8 13.2 13.4 13.2 13.1
Sample 2 25.5 21.3 21.4 15.3 14.7 14.5 14.1 14.6 14.4 14.8
Sample 3 26.4 20.5 20.4 16.0 15.0 14.2 14.3 14.8 14.6 14.6
Sample 4 43.6 35.9 34.9 23.7 22.1 21.9 21.7 22.3 21.9 22.4
Sample 5 45.5 37.6 36.9 26.3 24.9 25.4 24.9 25.7 25.5 25.6
Sample 6 41.7 36.5 35.8 24.0 22.5 21.9 22.0 23.0 22.2 23.0
2) Tropical Environment Test: Coated Paper Sample 2
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May 17-May 18-May 19-May 20-May
Sample 1 22.0 19.9 20.2 15.8 13.2 13.5 13.2 14.1 13.4 13.0
Sample 2 23.1 19.3 19.8 13.8 12.2 13.0 12.7 12.8 12.8 13.1
Sample 3 22.7 18.8 19.0 15.5 12.5 13.0 12.8 13.4 12.5 11.9
Sample 4 33.6 33.0 31.3 22.3 21.4 22.6 22.2 23.0 21.3 22.3
Sample 5 33.5 31.5 30.4 22.2 21.6 21.9 20.9 21.0 20.6 20.8
Sample 6 34.7 30.8 30.6 21.3 20.1 21.0
19.4 20.5 19.8 19.6
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3) Tropical Environment Test: Kraft paper Sample 1
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May 17-May 18-May 19-May 20-May
Sample 1 44.6 39.8 40.1 37.4 33.9 33.8 34.8 34.6 33.1 32.7
Sample 2 44.1 39.9 40.9 46.5* 32.9 33.5 33.8 33.9 32.2 33.4
Sample 3 44.9 41.2 41.4 65.8* 34.9 34.3 35.0 34.8 33.5 32.5
Sample 4 72.6 65.7 65.2 57.9 55.0 54.3 53.5 53.1 52.9 53.8
Sample 5 73.1 66.1 65.5 58.2 54.2 53.5 53.0 53.2 51.8 51.5
Sample 6 71.2 65.0 63.4 58.7 53.1 53.3 53.8 53.0 51.0 52.8
This antenna experienced water dropping-on.
4) Tropical Environment Test: Kraft paper Sample 2
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 1 6-May 17-May 18-May 19-May 20-May
Sample 1 59.8 50.9 52.8 47.1 43.6 43.4 43.9 44.1 43.6 42.9
Sample 2 57.4 51.6 52.9 47.4 43.5 43.3 42.5 42.6 39.9 41.6
Sample 3 58.5 50.3 52.1 43.9 41.8 41.6 42.5 41.3 40.4 40.9
Sample 4 78.5 68.6 68.1 59.3 55.0 55.6 54.9 54.3 54.5 55.2
Sample 5 75.1 66.9 66.1 58.3 55.6 56.4 55.7 54.9 54.3 54.4
Sample 6 74.4 65.8 65.0 59.8 55.9 55.4 55.6 56.1 55.7 55.1
5) Tropical Environment Test: Corrugated E-flute Sample 1
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May 17-May 18-May 19-May 20-May
Sample 1 65.3 56.4 53.5 49.6 47.9 48.0 48.8 48.6 48.0 48.6
Sample 2 64.7 57.0 55.9 51.2 47.9 46.8 46.6 46.2 46.0 45.4
Sample 3 60.7 54.8 52.3 48.2 46.0 45.1 44.7 44.9 43.8 42.8
Sample 4 118.5 90.5 88.7 80.8 78.2 76.4
75.8 74.9 74.2 72.6
Sample 5 115.2 104.2 99.7 92.0 83.5 82.6
82.8 80.6 79.5 80.7
Sample 6 116.1 103.5 98.2 92.9 83.5
82.8 83.2 82.5 81.5 81.0
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6) Tropical Environment Test: Corrugated E-flute Sample 2
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May 17-May 18-May 19-May 20-May
Sample 1 63.5 56.6 55.4 54.2 47.8 48.3 48.0 47.6 47.3 47.3
Sample 2 68.9 55.3 54.7 50.3 46.0 45.6 45.9 45.7 44.0 44.6
Sample 3 69.0 61.4 60.7 55.5 50.7 50.0 49.5 48.7 48.5 48.4
Sample 4 122.3 104.5 103.2 94.1 87.9 88.1 86.9 87.2 87.0 87.2
Sample 5 113.0 102.3 98.2 95.7 84.6 83.7 83.4 82.4 81.9 82.0
Sample 6 118.5 121.3 121.7 119.4 114.9 115.2 113.9 112.8 112.3 111.5
7) Tropical Environment Test: Corrugated B-flute Sample 1
Electrical Resistance (OhiT)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May 17-May 18-May 19-May 20-May
Sample 1 61.9 51.6 51.2 44.2 42.7 42.7 42.0 41.6 40.0 40.9
Sample 2 61.3 50.6 50.6 43.4 41.3 41.2 39.6 39.3 39.2 40.2
Sample 3 62.2 54.2 53.4 46.1 43.6 43.0 41.0 42.1 41.6 42.4
Sample 4 105.2 89.5 86.8
(11.6M)* 93.5 95.6 95.6 93.9 89.6 89.8
Sample 5 101.9 85.7 84.2 (3.9
M)* 106.2 107.6 105.9 106.6 95.6 96.7
Sample 6 105.6 88.3 88.9 (7.3
M)* (165 M)* 108.7 108.6 108.7 103.3 103.2
This antenna experienced water dropping-on.
8) Tropical Environment Test: Corrugated B-flute Sample 2
Electrical Resistance (Ohm)
Before conditioning During Conditioning
After Conditioning
(Date) 1 1-May 12-May 13-May 14-May 15-May 16-May 17-May 18-May 19-May 20-May
Sample 1 89.1 68.8 68.5 63.1 56.1 56.5 56.6
56.4 55.7 55.8
Sample 2 84.3 68.7 66.8 58.5 55.8 53.9
53.2 52.8 51.2 52.3
Sample 3 91.7 69.8 71.1 62.8 58.4 58.5
59.3 60.0 56.0 55.8
Sample 4 261.2 207.1 206.1 209.2 204.6
204.8 205.4 202.0 192.8 192.9
Sample 5 225.3 185.3 184.2 189.4 176.8
176.2 175.4 173.3 163.8 165.1
Sample 6 252.6 200.7 200.8 202.8 200.3
200.8 198.5 200.5 191.2 190.2
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9) Tropical Environment Test: Corrugated C-flute Sample 1
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May 17-May 18-May 19-May 20-May
Sample 1 71.8 65.4 64.0 57.8 55.6 55.4 55.7 54.7 54.3 54.5
Sample 2 68.7 56.4 50.9 47.6 45.2 44.5 45.2 45.1 44.0 43.2
Sample 3 53.2 49.4 47.6 41.0 38.2 38.7 38.2 37.5 37.4 37.8
Sample 4 125.5 106.0 102.9 113.8 104.1 105.0 102.2 102.5 101.2 103.2
Sample 5 109.5 98.9 91.5 116.3 105.8 106.8 107.2 105.5 97.8 99.2
Sample 6 110.1 97.6 96.0 122.8 102.4 100.2 100.3 98.6 92.7 93.9
10) Tropical Environment Test: Corrugated C-flute Sample 2
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May 17-May 18-May 19-May 20-May
Sample 1 81.9 77.9 77.5 85.9 79.5 81.3 82.2 81.9 81.2 80.4
Sample 2 91.5 85.7 85.2 94.8 89.4 88.2 90.3 91.0 89.7 89.6
Sample 3 83.2 77.6 76.5 82.5 79.3 79.8 81.0 80.2 79.7 79.2
Sample 4 119.6 126.4 127.4 123.3 119.5 120.5 120.4 115.6 116.8 117.5
Sample 5 112.2 118.3 117.4 113.8 109.5 109.8 109.3 105.6 105.6 106.7
Sample 6 129.4 135.6 135.6 127.6 122.2 131.0 124.2 122.3 123.3 128.8
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Charts oftheData
1) Tropical Environment Test: Coated Paper Sample 1
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3) Tropical Environment Test: Kraft Paper Sample 1
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6) Tropical Environment Test: Corrugated E-flute Sample 2
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Subsection 2: Frozen environment Test (-56F or -49C)
Table oftheData
1) Frozen Environment Test: Coated Paper Sample 1
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May 17-May 18-May 19-May 20-May
Sample 1 26.5 21.1 22.0 22.0 22.3 22.5 22.1 21.7
Sample 2 22.5 20.0 19.6 19.4 20.4 19.8 20.4 19.5
Sample 3 22.2 20.9 20.1 20.2 20.2 20.3 19.8 19.7
Sample 4 38.2 30.7 31.4 32.0 31.8 30.9 32.0 30.7
Sample 5 34.9 28.4 28.5 28.6 28.8 29.2 29.5 29.5
Sample 6 33.8 29.5 30.6 30.4 30.5 30.8 31.2 31.4
2) Frozen Environment Test: Coated Paper Sample 2
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May 17-May 18-May 19-May 20-May
Sample 1 23.6 20.5 21.4 21.2 21.7 21.1 21.2 21.0
Sample 2 22.4 19.5 18.9 18.4 18.7 18.8 19.0 18.4
Sample 3 22.5 21.4 21.2 20.8 21.2 21.5 21.6 21.2
Sample 4 41.5 38.8 37.8 38.7 39.0 39.7 40.4 41.8
Sample 5 40.9 36.6 36.0 35.0 35.2 34.8 35.5 35.7
Sample 6 43.9 40.4 40.9 39.9 40.1 39.5 40.7 40.2
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3) Frozen Environment Test: Kraft Paper Sample 1
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May 17-May 18-May 19-May 20-May
Sample 1 46.6 40.5 40.1 61.7 70.4 59.6 59.6 57.8
Sample 2 44.6 38.3 37.9 60.8 67.2 58.0 58.7 57.8
Sample 3 42.9 37.8 37.4 60.4 63.9 58.4 57.8 58.4
Sample 4 84.0 72.9 73.7 118.3 138.6 127.2 128.4 128.5
Sample 5 78.6 71.6 69.3 113.3 132.5 123.0 120.2 120.5
Sample 6 79.6 71.4 71.0 110.3 127.3 110.9 110.0 111.0
4) Frozen Environment Test: Kraft Paper Sample 2
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May 17-May 18-May 19-May 20-May
Sample 1 59.8 50.5 49.6 76.5 84.6 73.8 73.6 73.6
Sample 2 59.6 49.2 48.5 76.8 85.8 75.4 74.8 75.4
Sample 3 59.2 49.0 47.7 77.5 82.0 75.9 74.8 73.9
Sample 4 78.1 69.8 69.2 112.4 130.8 111.4 110.2 109.5
Sample 5 81.6 72.6 73.6 126.1 144.6 123.3 122.5 121.2
Sample 6 84.3 76.2 75.4 120.1 144.2 119.0 120.5 119.7
5) Frozen Environment Test: Corrugated E-flute Sample 1
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May 17-May 18-May 19-May 20-May
Sample 1 55.0 50.1 49.5 86.1 99.6 76.4 74.5 74.0
Sample 2 55.1 48.9 50.0 87.4 96.6 74.0 72.2 71.9
Sample 3 55.1 49.8 48.6 85.7 95.6 73.3 73.5 74.0
Sample 4 101.1 91.0 91.6 185.5 202.5 146.0 143.8 145.0
Sample 5 104.3 92.8 91.4 197.7 209.4 153.8 153.9 151.6
Sample 6 105.2 96.3 96.4 201.1 225.8 159.0 159.0 159.5
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6) Frozen Environment Test: Corrugated E-flute Sample 2
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 1 6-May 17-May 18-May 19-May 20-May
Sample 1 54.2 44.5 45.3 77.9 85.5 64.8 63.0 62.4
Sample 2 61.0 49.7 48.7 88.6 92.1 76.5 74.4 74.5
Sample 3 61.2 53.3 52.2 86.9 89.9 75.8 73.2 73.7
Sample 4 98.7 87.8 88.4 180.3 184.2 145.0 146.0 144.6
Sample 5 94.2 88.4 90.6 161.4 169.3 131.9 131.2 132.5
Sample 6 104.5 92.2 91.8 184.5 194.0 153.2 151.1 152.6
7) Frozen Environment Test: Corrugated B-flute Sample 1
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May 17-May 18-May 19-May 20-May
Sample 1 94.4 77.0 76.3 178.8 172.1 142.6 141.8 141.3
Sample 2 91.5 73.8 72.8 180.4 180.2 142.2 138.9 139.4
Sample 3 88.8 72.2 72.2 156.8 156.4 132.6 131.3 129.9
Sample 4 177.4 146.9 145.4 456.0 407.5 321.8 294.2 293.2
Sample 5 147.9 121.2 121.7 392.0 346.5 240.4 236.5 234.4
Sample 6 149.0 125.1 124.9 344.3 327.5 244.6 237.5 239.0
8) Frozen Environment Test: Corrugated B-flute Sample 2
Electrical Resistance (Ohm)
Before conditioning During Conditioning
After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May 17-May 18-May 19-May 20-May
Sample 1 57.6 47.8 46.7 86.4
92.8 76.7 75.4 75.2
Sample 2 56.8 45.1 44.0 81.9
80.8 71.8 70.5 69.5
Sample 3 57.6 45.3 44.9
83.1 82.3 78.2 76.2 75.8
Sample 4 97.7 78.6 77.4
176.4 173.9 134.9 134.8 133.2
Sample 5 94.8 75.7 73.4
163.7 152.3 126.8 119.5 121.5
Sample 6 99.0 80.8 80.0
182.4 172.6 136.8 134.0 133.6
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9) Frozen Environment Test: Corrugated C-flute Sample 1
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 15-May 1 6-May 17-May 18-May 19-May 20-May
Sample 1 40.8 33.5 34.3 52.4 70.5 49.6 49.8 49.3
Sample 2 38.8 33.5 32.2 47.9 60.4 47.5 45.5 46.4
Sample 3 38.6 31.1 31.2 46.9 56.3 43.6 42.0 42.9
Sample 4 78.8 64.1 63.9 114.5 136.7 97.5 97.0 95.8
Sample 5 73.9 60.9 59.5 106.9 126.8 91.5 89.8 91.0
Sample 6 76.2 61.9 61.2 107.2 125.2 92.7 92.3 93.3
10) Frozen Environment Test: Corrugated C-flute Sample 2
Electrical Resistance (Ohm)
Before conditioning During Conditioning After Conditioning
(Date) 11 -May 12-May 13-May 14-May 1 5-May 16-May 17-May 18-May 19-May 20-May
Sample 1 92.8 91.4 92.0 179.1 194.0 170.4 167.7 168.1
Sample 2 79.0 77.7 78.0 150.3 166.8 145.0 144.6 146.1
Sample 3 84.5 84.7 85.2 166.5 186.3 146.7 149.8 147.9
Sample 4 110.6 111.4 111.9 238.4 274.2 191.1 202.2 202.0
Sample 5 110.6 108.2 106.8 224.0 278.5 189.0 187.7 202.3
Sample 6 97.7 97.5 99.9 224.2 289.4 189.5 184.9 190.6
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Charts oftheData
























Condition -67F: Coated Paper 3
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Condition -67F: E-Flute 3








4) Frozen Environment Test: Kraft Paper Sample 2
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Condition -67F: E-Flute 3








6) Frozen Environment Test: Corrugated E-flute Sample 2
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Condition -67F: B-Flute 3













Condition -67F: B-Flute 4








Page 133 of 151
















-x- - - Sample 5
- Sample 6







Condition -67F: C-Flute 4
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Subsection 3: Ambient Environment Test (70F (or 21C), 50% RH)
Table oftheData
1) Ambient Environment Test: Coated Paper Sample 1
Electrical Resistance (Ohm)
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May
Sample 1 26.6 25.3 23.1 24.0 22.9 23.2
Sample 2 25.3 24.2 25.9 24.8 24.9 24.2
Sample 3 28.8 25.7 26.2 26.8 26.6 25.5
Sample 4 44.6 41.8 43.7 46.2 45.3 44.5
Sample 5 43.4 39.8 40.3 41.6 41.0 42.0
Sample 6 42.8 39.7 39.8 41.3 41.7 41.2
2) Ambient Environment Test: Coated Paper Sample 2
Electrical Resistance (Ohm)
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May
Sample 1 24.5 22.9 23.4 22.9 23.6 23.6
Sample 2 23.9 22.2 22.7 22.4 22.2 22.1
Sample 3 28.3 25.7 25.4 25.9 26.0 25.6
Sample 4 42.3 39.4 41.7 40.6 38.9 38.5
Sample 5 40.2 36.7 38.6 38.6 36.9 36.5
Sample 6 43.9 41.5 40.9 43.0 41.6 41.5
3) Ambient Environment Test: Kraft Paper Sample 1
Electrical Resistance (Ohm)
(Date) 11 -May 12-May 13-May 14-May 15-May 16-May
Sample 1 39.1 33.2 34.4 34.5 35.2 35.9
Sample 2 35.9 30.1 30.5 32.8 33.2 33.7
Sample 3 42.8 36.6 37.5 38.6 38.2 39.2
Sample 4 73.9 72.1 72.4 72.5 72.4 73.3
Sample 5 70.8 69.0 72.1 73.2 73.1 72.4
Sample 6 73.7 72.3 72.5 73.3 74.4 75.3
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4) Ambient Environment Test: Kraft Paper Sample 2
Electrical Resistance (Ohm)
(Date) 11 -May 12-May 13-May 14-May 1 5-May 16-May
Sample 1 48.6 44.6 45.2 45.0 44.6 45.7
Sample 2 56.2 51.5 52.2 52.0 52.7 53.0
Sample 3 59.6 55.6 55.7 56.7 56.7 56.5
Sample 4 80.0 73.9 72.0 74.3 75.0 74.5
Sample 5 77.3 72.6 70.5 71.8 73.5 73.3
Sample 6 98.9 92.5 90.8 91.3 91.8 92.2
5) Ambient Environment Test: Corrugated E-flute Sample 1
Electrical Resistance (Ohm)
(Date) 10-May 11 -May 12-May 13-May 14-May 15-May
Sample 1 51.8 46.2 47.1 46.2 46.7 47.6
Sample 2 52.5 47.6 47.4 48.3 48.9 49.9
Sample 3 51.7 44.9 46.1 46.4 46.6 47.2
Sample 4 261.2 245.7 235.8 241.1 242.4 244.0
Sample 5 325.3 315.4 326.3 338.6 340.1 347.0
Sample 6 116.2 104.8 104.9 108.7 108.4 109.3
6) Ambient Environment Test: Corrugated E-flute Sample 2
Electrical Resistance (Ohm)
(Date) 10-May 11 -May 12-May 13-May 14-May 15-May
Sample 1 51.2 50.4 49.4 49.0 51.2 52.0
Sample 2 50.3 48.2 48.2 48.0 48.9 50.3
Sample 3 50.8 48.4 47.2 50.2 50.0 50.1
Sample 4 89.6 84.4 85.7 85.9 86.5 88.0
Sample 5 91.6 88.3 89.1 90.5 90.8 90.6
Sample 6 103.2 99.0 99.5 101.4 102.4 103.1
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7) Ambient Environment Test: Corrugated B-flute Sample 1
Electrical Resistance (Ohm)
(Date) 10-May 11 -May 12-May 13-May 14-May 15-May
Sample 1 44.0 43.2 43.8 45.3 46.3 47.2
Sample 2 43.9 43.3 44.2 45.0 46.3 47.3
Sample 3 41.8 40.0 41.0 41.6 43.8 44.3
Sample 4 93.5 91.8 96.5 98.7 99.3 100.2
Sample 5 90.6 88.3 91.2 92.8 94.1 94.7
Sample 6 88.1 83.7 85.4 86.6 89.1 90.0
8) Ambient Environment Test: Corrugated B-flute Sample 2
Electrical Resistance (Ohm)
(Date) 10-May 11 -May 12-May 13-May 14-May 1 5-May
Sample 1 48.6 44.2 45.9 44.6 46.6 46.4
Sample 2 44.0 42.4 44.4 46.4 47.6 47.9
Sample 3 48.4 47.3 50.8 52.2 52.4 52.6
Sample 4 90.6 87.4 90.4 91.7 93.3 94.0
Sample 5 92.4 91.8 95.8 98.2 100.8 101.3
Sample 6 110.0 106.2 107.5 111.8 118.2 118.2
9) Ambient Environment Test: Corrugated C-flute Sample 1
Electrical Resistance (Ohm)
(Date) 10-May 11 -May 12-May 13-May 14-May 15-May
Sample 1 86.2 78.8 80.0 81.6 81.6 82.9
Sample 2 84.3 75.9 77.0 76.0 80.3 80.4
Sample 3 78.4 69.4 72.4 74.4 74.6 74.0
Sample 4 126.2 118.9 111.5 115.2 122.0 121.0
Sample 5 122.2 111.3 114.6 116.4 116.8 118.3
Sample 6 128.6 114.2 117.0 121.7 119.4 120.9
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10) Ambient Environment Test: Corrugated C-flute Sample 2
Electrical Resistance
(Ohm'
(Date) 10-May 11 -May 12-May 13-May 14-May 15-May
Sample 1 84.0 79.9 81.6 79.8 81.8 81.7
Sample 2 82.2 76.7 77.6 78.1 79.6 80.2
Sample 3 83.2 78.2 80.0 81.4 79.7 80.2
Sample 4 140.0 124.7 129.4 130.4 131.7 133.0
Sample 5 161.2 131.3 134.4 135.7 135.8 137.6
Sample 6 165.8 136.5 138.6 139.0 140.7 141.8
Charts oftheData
1) Ambient Environment Test: Coated Paper Sample 1
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2) Ambient Environment Test: Coated Paper Sample 2
Room Condition: Coated Paper 6
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Room Condition: Kraft Paper 5
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4) Ambient Environment Test: Kraft Paper Sample 2
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Room Condition: E-Flute 5
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Room Condition: E-Flute 6
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Room Condition: B-Flute 6
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10) Ambient Environment Test: Corrugated C-flute 2
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Appendix C: Precisia CFW-I04A: Material Safety Data Sheet 
'I 
7R~ PRECISIA 
RETHINKING PRINT . 
For Product Questions call : 
For Health and Safety Questions call : 
24 Hour Emergency Contact call : 
Material Safety Data Sheet 
I. PRODUCT AND COMPANY IDENTIFICATION 
Product Name: 
Product Code: 
WATER BASED FLEXOGRAPHIC CONDUCTIVE SILVER INK 
265-CFW-104A 
MSDS Code: MSD-00553467 
Revision Number: 1 
Revision Date: 2004-03-2615:38:14 
II. COMPOSITIONIINFORMATION ON INGREDIENTS 
Chemical Name % 
Silver 40 - 70 
1-Methyl-2-Pyrrolidinone 1 - 5 
Please see Section VIII for product and component exposure guidelines. 
Components not listed are not physical or health hazards as defined in 29 CFR 1910.1200 (Hazard 
Communication Standard). 
III. HAZARDS IDENTIFICATION 
HMIS Rating Health: 2 Flammability: 0 Reactivity: 0 
\. 




Inhalation, Ingestion. Skin contact, Eye contact 
Eyes, Skin 
Eye disease, Skin disease including eczema and sensitization 
Immediate (Acute) Health Effects by Route of Exposure 
Inhalation: Can cause moderate respiratClry irritation. dizziness, weakness, fatigue, nausea 
and headache. This product may cause metal fume fever with resulting flu-like 
symptoms. 
Nasal perforation is possible from a single large or repeated smaller inhalation 
overexposures . Toxic! Can cause systemic damage (see "Target Organs) . 
Respiratory failure is possible at high doses. 
Skin Contact: Can cause moderate skin irritation, defatting, and dermatitis . Not likely to cause 
permanent damage. 
Eye Contact: Can cause moderate irritation, tearing and reddening, but not likely to 
permanently injure eye tissue. 
WATER BASED FLEXOGRAPHIC CONDUCTIVE SILVER INK 
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Ingestion: Irritating to mouth, throat, and stomach. Can cause abdominal discomfort,
nausea, vomiting and diarrhea. Toxic if swallowed. May cause target organ
failure and/or death.





No data available to indicate product or any components present at greater than
0.1% may cause birth defects.
No data available to indicate product or any components present at greater than
0.1% is mutagenic or genotoxic.
Upon prolonged and/or repeated exposure, can cause moderate respiratory
irritation, dizziness, weakness, fatigue, nausea and headache.Toxic! Can cause
systemic damage upon prolonged and/or repeated exposure (see 'Target
Organs).
Skin Contact: Upon prolonged or repeated contact, can cause moderate skin irritation,
defatting, and dermatitis. Not likely to cause permanent damage. Upon
prolonged or repeated exposure, toxic if absorbed through the skin. Likely to
cause systemic damage.
This product is not a carcinogen and does not contain a carcinogen unless indicated by the word
yes below:
OSHA No NTP No IARC No NIOSH No
IV. FIRST-AID MEASURES
Remove to fresh air. If breathing is difficult, have a trained individual administer
oxygen. If not breathing, give artificial respiration and have a trained individual
administer oxygen. Get medical attention immediately.
Flush eyes with plenty ofwater for at least 20 minutes retracting eyelids often. Tilt
the head to prevent chemical from transferring to the uncontaminated eye. Get
immediate medical attention.
Wash with soap and water. Remove contaminated clothing and launder. Get
medical attention if irritation develops or persists.
Do not induce vomiting and seek medical attention immediately. Drink two














Use alcohol resistant foam, carbon dioxide, or dry chemical when fighting fires.
Water or foam may cause frothing if liquid is burning but it still may be a useful
extinguishing agent if carefully applied to the surface
of the fire. Do not direct a
stream ofwater into the hot burning liquid.
Empty containers that retain product residue (liquid, solid/sludge, or vapor) can
be dangerous. Do not pressurize, cut, weld, braze, solder, drill, grind, or expose
container to heat, flame, sparks, static electricity, or other sources of ignition.
Any of these actions can potentially cause an
explosion that may lead to injury or
death.
Dusts at sufficient concentrations can form explosive mixtures with air.
Do not enter fire area without proper protection including self-contained
breathing apparatus and full protective equipment. Fight fire
from a safe
distance and a protected location due to the potential of hazardous vapors and
decomposition products. Use methods for the surrounding fire.
WATER BASED FLEXOGRAPHIC CONDUCTIVE SILVER INK
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Carbon dioxide, Carbon monoxide
93 C (200 F) and greater
Testing has determined the material has no fire point.
VI. ACCIDENTAL RELEASE MEASURES
Personal Precautions
and Equipment:
Exposure to the spilled material may be irritating or harmful. Follow personal
protective equipment recommendations found in Section VIII of this MSDS.
Additional precautions may be necessary based on special circumstances
created by the spill including; the material spilled, the quantity of the spill, the
area in which the spill occurred. Also consider the expertise of employees in the
area responding to the spill.




Harmful or irritating material. Avoid contacting and avoid breathing the material.
Use only in a well ventilated area. Wash thoroughly after handling. As with all
chemicals, good industrial hygiene practices should be followed when handling
this material. Avoid contact with material, avoid breathing dusts or fumes, use
only in a well ventilated area. Do not get in eyes, on skin or clothing. Use spark-
proof tools and explosion-proof equipment Guard against dust accumulation of
this material. Remove contaminated clothing and wash before reuse.
Store in a cool dry place. Keep container closed when not in use. Keep away
from food and drinking water.








Use process enclosures, local exhaust ventilation, or other engineering controls
to control airborne levels below recommended exposure limits. Explosion proof
exhaust ventilation should be used. It is recommended that facilities storing or
using this material be equipped with an eyewash and safety shower.
Follow a respiratory protection program that meets 29 CFR 1910.134 and ANSI
Z88.2 requirements whenever work place conditions warrant the use of a
respirator.
Wear safety glasses with side shields when handling this product. Wear
additional eye protection such as chemical splash goggles and/or face shield
when the possibility exists for eye contact with splashing or spraying liquid, or
airborne material. Do not wear contact lenses. Have an eye wash station
available.
Wear protective gloves. Inspect gloves at regular intervals and replace as
necessary. Clean protective equipment regularly. Wash hands and other
exposed areas with mild soap and water before eating, drinking, and when
leaving work. Where use can result in skin contact, practice good personal
hygiene.
Wear impervious material no specific details available.
Exposure Guideliines:
CAS Number OSHA Exposure
Limits
ACGIH TLV - TWA ACGIH
STEL
IDLH
7440-22-4 0.01 MG/M3 TWA METAL: 0.1 MG/M3 TWA No STEL 10mg/m3IDLH
(dust)
872-50-4 No TLV No STEL Not on list
WATER BASED FLbxUGKAI-'HKJ CONDUC1
IVt: Sil Vi R INK
Page 3 of 5
Page 146 of 151
If this product is provided in a dry powder state it should be considered a nuisance dust (PEL 10 mg/m3).
If the processing of this product produces a mist it should De considered to be an oil mist with a PEL of 5 mg/m3.
IX. PHYSICAL AND CHEMICAL PROPERTIES
Physical State: Liquid, semi-solid, or solid
Solubility in Water: Not determined
Volatiles, % by wt: 24.49
Volatiles, % by vol: 62.87
Volatile Organic Chemicals % by wt: 2.55
Volatile Organic Chemicals % by vol: 6.37
VOC lb/gal 0.55
VOC lb/gal (less water): 1 .26
Solids % by weight: 75.51
Solids % by volume 37.13
Boiling Point: 100 deg. C 212 deg. F
Specific Gravity: 2.575
Bulk Density (Lb/Gal): 21 .45
X. STABILITY AND REACTIVITY
Stability: Stable under normal conditions.
Conditions to Avoid: None known.




Component Toxicology Data (NIOSH):
CAS Number LD50/LC50
7440-22-4 No data available
872-50-4 ORAL, RAT: LD50 = 3914 MG/KG; ORAL. MOUSE: LD50 = 5130 MG/KG: SKIN, RABBIT: LD50
= 8 GM/KG
XII. DISPOSAL CONSIDERATIONS
Waste Description Spent or discarded material is not expected to be a hazardous waste.
for Spent Product:
Disposal Methods: Dispose in accordance with Federal, State, Provincial and Local regulations.
Material may be compatible with industrial waste incineration or inclusion in a
fuel blending program. This characterization is subject to approval by yourwaste
management contractor. This material should be recycled if possible.
XIII. REGULATORY INFORMATION
TSCA Status All ingredients of this product are listed or are excluded from listing on the U.S.
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7440-22-4 NPRI (Cdn) 66.85
872-50-4 NPRI (Cdn) 2.547
872-50-4 PROP 65 2.547




The following items require export notification for TSCA
Chemical Name TSCA 12b list section
n-Methylpyrrolidone Present
This product falls under the following WHMIS class:
D2B







Disclaimer: Flint Ink has prepared this Material Safety Data Sheet ("MSDS") in compliance with 29
CFR 1910.1200, understands that its customers may use this MSDS to comply with that section, and
believes that the data set forth herein are accurate as of the date hereof; however, this MSDS shall not
constitute a warrantywith respect thereto.
WATER BASED FLEXOGRAPHIC CONDUCTIVE SILVER INK
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Appendix D: Surface Roughness of the Test Substrates
Zygo NewView 200 Profilometer:
The noncontact-type Profilometer was used
to capture the images of surface roughness
in jam scale. The instrument operates using
white light interferometry. The images are







































































Surface Image: Kraft Paper (TCG, Thailand) Surface Images: Kraft Paper (IP, USA)
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Surface Roughness ofCoated Paper, Kraft Paper from Thailand,
and Kraft Paper from the US
Surface Roughness (|xm)
Coated Paper Kraft Paper (Thailand) Kraft Paper (USA)
Rz 37.00 - 62.00 89.00 - 105.00 115.00- 125.00
RMS 0.95-1.01 5.30-6.50 10.00- 10.70
Ra 0.72 - 0.78 4.20 - 5.20 8.00-8.30
Parker Print-Surf 0.95-1.00 7.60-7.86 8.63 - 8.65
The above images were captured from the test samples using Zygo NewView 200
Profilometer; and the data of surface roughness: Rz, RMS, and Ra, were also calculated by the
same equipment. The definition and usage of the above parameters are explained below. In
addition, surface roughness of the test substrates were also measured using
Parker Print-Surf
Roughness Tester: model PPS78 located in PAL. The equipment operates measuring the air
flown across surface of substrates; and the collected data are also shown in irm.
Definition ofTestParameters




guidance provided by Veeco Instruments Inc., definitions of the given
parameters are as follows;
Rz, or an average of the maximum peaks and minimum
valleys: The value is an average
maximum profile of the ten greatest peak-to-valley separations in the evaluation areas.
Rz is
useful for evaluating surface texture on
limited-access surfaces such as small valve seats and
the floors and walls of grooves, particularly where the presence
ofhigh peaks or deep valleys
is of functional significance.
RMS, or Root Mean Square: The value is an
average between the height deviations and the
mean line/surface, taken over the evaluation length/area. RMS
roughness describes the finish
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of optical surfaces. It represents the standard deviation of the profile heights and is used in
computations of skew and kurtosis.
Ra, RoughnessAverage: The value is the mean height as calculated over the entire measured
length or area. It is quoted in micrometers or micro-inches. Ra is typically used to describe
the roughness of machined surfaces. It is useful for detecting general variation in overall
profile height characteristics and for monitoring an established manufacturing process.
Note: The images of the surface roughness of the test substrates were obtained by the support of
Mr. Les Green, Technician at Reflexite, Rochester, New York. The images and data table
were also organized by the help from Dr. Bruce Kahn, an assistant professor in the
Department of Imaging and Photographic Technology at RIT.
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